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FOREWORD 

The Reactor Development P rog ram P rog re s s Report, issued 
monthly, is intended to be a means of reporting those i tems 
of significant technical progress which have occurred inboth 
the specific reactor projects and the general engineering r e ­
search and development p rograms . The report is organized 
in accordance with budget activities in a way which, it is 
hoped, gives the clearest , most logical overall view of prog­
r e s s . Since the intent is to report only items of significant 
progress , not all activities are reported each month. In 
order to issue this report as soon as possible after the end 
of the month editorial work must necessar i ly be limited. 
Also, since this is an informal progress report , the resul ts 
and data presented should be understood to be prel iminary 
and subject to change unless otherwise stated. 

The issuance of these reports is not intended to constitute 
publication in any sense of the word. Final resul ts either 
will be submitted for publication in regular professional 
journals or will be published in the form of ANL topical 
repor t s . 

The last six reports issued 
in this ser ies are: 

March 1969 ANL-7561 

April-May 1969 ANL-7577 

June 1969 ANL-7581 

July 1969 ANL-7595 

August 1969 ANL-7606 

September 1969 ANL-7618 



REACTOR DEVELOPMENT PROGRAM 

Highlights of Project Activities for October 1969 

EBR-II 

The reactor was shut down on October 16 for scheduled maintenance, 
installation of reactor modifications, and installation of the instrumented 
subassembly. It has achieved a cumulative operational total of 30,040 MWd 
pr ior to the shutdown. 

Pre fe r red orientation induced during fuel fabrication has been found 
to be responsible for anomalous shortening of vendor-produced Mark-IA 
fuel during irradiation. The preferred orientation, or texture, is believed 
to result from s t ress on the fuel pin during transformation from the gamma 
to the alpha phase while the pins were being centrifugally bonded. (Pins 
produced by impact bonding in the cold line of the Fuel Cycle Facility have 
nearly random orientation and do not shorten during irradiation.) Tests 
have shown that i rradiat ion shortening of centrifugally bonded pins is p r e ­
vented by heat treating the pins before they are i rradiated. 

ZPR-3 

After the standard stainless steel matr ices were aligned and the new 
back-mounting plates installed, the construction of Assembly 58 on ZPR-3 
began. To study persis tent e r r o r s in the calculation of central reactivity 
worths in plutonium cores , two "benchmark" reac tors . Assemblies 58 and 
59, both simple-composition Pu-carbon cores , will be studied. One will 
have a depleted uranium reflector; the other will be lead-reflected. 

* 
ZPR-6 

Calculation of the sodium-void coefficient for Assembly 5, a 2700-
li ter uranium carbide core, has been made by 1-D and 2-D diffusion methods 
and compared with measurements . Agreement was within 20% at the core 
center . Fuel loading of Assembly 6A, a 4000-liter " ' U core, is about 80% 
complete. 

ZPR-9 

Measurements have been made in three different null-reactivity 
zones in Assennbly 25 to determine capture and fission ra tes in ^'^U, " ' P u 
and U. The first two zones involved depleted and enriched uranium, the 
third depleted uranium and 0.95 kg of plutonium. Reactivity worth of each 
constituent was measured in each zone; additional mater ia l s and other 
pa ramete r s were studied in the first zone. 

Assembly 25 has been unloaded from the reactor and preloading for 
the FTR-3 assembly has begun. 



ZPPR 

The reactivity worth of the peripheral control ring in FTR-2 has 
been obtained in a step-wise removal experiment; comparison with calcu­
lation has shown satisfactory agreement. Subsequently a sodium-stainless 
steel shield with an azinnuthal span of 80 degrees was added to the full 
length of the core plus the axial reflector of the assembly. Its reactivity 
effect was +0.048% Ak/k. To simulate fuel storage, 25 kg of fissile mate ­
rial of core composition was substituted for shield composition in the shield 
region. The reactivity effect of the stored fuel was £0.4 Ih. 
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I. LIQUID M E T A L FAST B R E E D E R R E A C T O R S - - C I V I L I A N 

A. P h y s i c s D e v e l o p m e n t - - L M F B R 

1. T h e o r e t i c a l R e a c t o r P h y s i c s 

a. G e n e r a l F a s t R e a c t o r P h y s i c s 

(i) R e a c t o r D y n a m i c s (D. A. Mene ley ) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp. 2 -4 (Sept 1969). 

(a) Q X l - - Coo lan t -vo id ing C a s e . One of the p r o b l e m s 
a s s o c i a t e d wi th the u s e of r e a c t i v i t y f eedback t a b l e s in L M F B R s a f e t y -
a n a l y s i s c o d e s * is the i n t e r d e p e n d e n c e of the v a r i o u s f eedback t e r n n s . 
An e x a m p l e of such i n t e r d e p e n d e n c e is tha t b e t w e e n the Dopp le r and 
s o d i u m void. Sod ium voiding h a r d e n s the s p e c t r u m , t h e r e f o r e d e c r e a s i n g 
the s t a t i s t i c a l we igh t of the r e s o n a n c e e n e r g y r a n g e in the sys tenn m u l t i ­
p l i c a t i o n . T h e r e f o r e , in t e r m s of a coef f ic ien t f o r m u l a t i o n of the Dopp le r 
f eedback , s o d i u m voiding r e d u c e s the s i z e of the coef f ic ien t . N e g a t i v e 
f eedback a c c u m u l a t e d due to any t e m p e r a t u r e r i s e f r o m in i t i a l cond i t i ons 
up to the s t a r t of voiding is r e d u c e d , t yp i ca l ly by a f ac to r of two for 
c o m p l e t e vo id ing . 

A s i m p l e m o d e l r e l a t i n g the Dopp le r coef f ic ien t to 
s o d i u m v o l u m e f r a c t i o n has b e e n app l i ed in a t l e a s t one i n s t a n c e . * * This 
m o d e l m a y be c a p a b l e of r e d u c i n g e r r o r s such as a r e d e s c r i b e d be low, 
due to the i n t e r a c t i o n effect . It has two w e a k n e s s e s . F i r s t , the l o c a l 
s p e c t r a l shift d e p e n d s on the void s i z e as we l l a s on s o d i u m f r a c t i o n . 
Second , the t e m p e r a t u r e d e p e n d e n c e of the Dopp le r f eedback v a r i e s wi th 
s p e c t r u n n . It i s not f e a s i b l e to c o n s t r u c t a r e a c t i v i t y t ab l e which a c c o u n t s 
for t h e s e two e f f ec t s , e i t h e r by the c r i t e r i o n of r e a s o n a b l e s i m p l i c i t y o r 
tha t of r e a s o n a b l e cos t . Cos t is i m p o r t a n t b e c a u s e of the l a r g e n u m b e r of 
s t a t i c - f l u x c a l c u l a t i o n s which would be needed to p r e p a r e the t ab l e e n t r i e s . 
If a t h i r d i n t e r a c t i v e f eedback t e r m is added, such as g r o s s fuel r e d i s t r i ­
bu t ion in s p a c e , the s i t u a t i o n d e g e n e r a t e s s t i l l f u r t h e r . S i m p l e c a s e s m a y 
be r u n wi th the QXl code to p e r m i t e s t i m a t e s of the m a g n i t u d e of i n t e r ­
a c t i o n e f f ec t s . 

The p r o b l e m d e s c r i b e d below is b a s e d on the s a m e 
r e a c t o r as was s tud i ed p r e v i o u s l y ( s ee P r o g r e s s R e p o r t for Ju ly 1969, 
A N L - 7 5 9 5 , pp. 5-7) . The i n i t i a l cond i t i ons w e r e changed by s e t t i n g the 
a x i a l buck l ing to z e r o , then r e a d j u s t i n g the zone e n r i c h m e n t s in the c o r e 

*Fox, J. N., et al., GEAP-6273 (1966); Agrawal. A. K., et al., ANL-7607 (to be published). 
MacFarlane, D. R., ^ £ .̂, Theoretical Studies of the Response of Fast Reactors during Sodiun 
Accidents, Proc. Int. Conf. on the Safety of Fast Reactors, Aix-en-Provence (1967). 



to obta in a c r i t i c a l s y s t e m . This was 
done in o r d e r to e l i m i n a t e u n c e r t a i n t y in 
the m o d e l due to the v a r i a t i o n of a x i a l 
buckl ing with s o d i u m d e n s i t y . The new 
c r i t i c a l e n r i c h m e n t s ( P u / u + P u ) w e r e 
0.12936 and 0.16778 in c o r e z o n e s 1 and 2, 
r e s p e c t i v e l y . The e x c u r s i o n was i n i t i a t e d 
by a un i fo rm l i n e a r d e c r e a s e in sodiunn 
dens i ty with t i m e , going to z e r o at 0.1 60 s e c . 
This c a s e is v e r y roughly s i m i l a r to a 
flow coas tdown a c c i d e n t d r i v e n by coo lan t 
voiding. The i n i t i a l r e a c t i v i t y r a m p r a t e 
defined in the point k i n e t i c s s e n s e was 
$ 4 1 . 4 3 8 / s e c ; h o w e v e r , the r e a c t i v i t y r a t e 
was r e d u c e d s ign i f ican t ly with t i m e due 
to the non l inea r dependence of diffusion 
coeff ic ient on s o d i u m dens i ty . 

The a m p l i t u d e function for t h i s 
c a s e is shown in F i g . I . A . I . R e f e r r i n g to 
the equ iva len t plot in A N L - 7 5 9 5 , F i g . I . B . I , 
p. 7, it is s e e n that the d i s c r e p a n c y b e ­
tween point and spa t i a l k i n e t i c s at the f i r s t 
peak in that c a s e was a r o u n d 2%. (Th i s 
peak- f lux d i s c r e p a n c y was found to be in ­

dependen t of r a m p r a t e up to ~ $ 5 0 / s e c . ) F i g u r e I .A.I shows a f i r s t - p e a k 
d i s c r e p a n c y of over 10%, a t t r i b u t a b l e l a r g e l y to the n e g l e c t of the c o o l a n t -
void s p e c t r u m change in the point k ine t i c s c a s e . The e x c e s s e n e r g y at 
0.070 sec was 47% h igher than tha t given by point k i n e t i c s . 

(ii) Ana lys i s of Neu t ron ic C h a r a c t e r i s t i c s of R e a c t o r s and 
F u e l Cyc les (D. A. Meneley) 

L a s t Repo r t ed : A N L - 7 5 9 5 , pp. 8-12 (July 1969). 
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Fig. I.A.I. Amplitude Function following 
Uniform Sodium Voiding Lli-
tiated at t = 0 

At the r e q u e s t of Oak Ridge Na t iona l L a b o r a t o r y , m a s s -
ba lance data have been e x t r a c t e d f r o m two f u e l - c y c l e p r o b l e m s which 
w e r e done in connec t ion with a s m a l l s e r i e s of s u r v e y c a l c u l a t i o n s r e ­
p o r t e d in A N L - 7 5 9 5 . The r e a c t o r was t aken f r o m one of the r e c e n t 
1000-MWe s tud i e s as being r e p r e s e n t a t i v e of a s t a i n l e s s s t e e l c lad and 
s t r u c t u r e des ign with oxide fuel and s o d i u m coolan t . The vo lume f r a c t i o n s 
w e r e the s a m e as those l i s t ed for " C o r e 1" in Tab le I .E .4 of A N L - 7 5 9 5 , 
p. 9- Ca lcu la t ions w e r e p e r f o r m e d for the " R e f e r e n c e " and "Mo Clad" 
c a s e s . The two c a s e s w e r e i d e n t i c a l g e o m e t r i c a l l y ; d i m e n s i o n s a r e l i s t e d 
in Table I . A . I . Subdiv i s ions of the r e a c t o r into b u r n u p r eg ions for the 
c a l c u l a t i o n a r e a l s o shown. 



T A B L E I . A . I . R e a c t o r G e o m e t r y 

Ring R a d i u m (cm) 

Rad ia l D i m e n s i o n s 

C o r e 
Zone 1 

C o r e 
Zone 2 

C o r e 
Zone 3 

Rad ia l 
B lanke t 

Re f l ec to r 

10 
• 11 
.12 
13 

7 
20 
33 

60 
10 
11 

46.21 

59 
72 
87 

33 
46 
38 

96.98 

107 

123 

07 

70 
136.94 
150 21 
163.40 

Axia l D i m e n s i o n s (Axial s y m m e t r y assunned) 

Region 

C o r e 
Axia l 
B lanke t 

R e f l e c t o r 

Height (cm) 

38.10 
50.80 
63.50 
76.20 

129.54 

^Axia l r e g i o n s ex tend r a d i a l l y t h rough a l l r a d i a l r i n g s . 
Rad ia l b l a n k e t and r e f l e c t o r r e p l a c e "ax ia l b l anke t " d e s ­
igna t ions ou t s ide ou te r c o r e r a d i u s . 

The c a l c u l a t i o n s w e r e c a r r i e d out with the t w o - d i m e n s i o n a l 
s y n t h e s i s f u e l - c y c l e p r o g r a m SYNBURN, which has b e e n c h e c k e d wi th 
f a v o r a b l e r e s u l t s a g a i n s t the d i r e c t t w o - d i m e n s i o n a l f u e l - c y c l e code 
BURN2D.* The e q u i l i b r i u m c a l c u l a t i o n wi th fixed feed i so top ic d i s t r i b u ­
t ion was p e r f o r m e d ; cyc le t i m e was ad jus ted to a ch i ev e an a v e r a g e c o r e 
d i s c h a r g e b u r n u p of 104,500 M W d / M T , and c h a r g e e n r i c h m e n t was a d j u s t e d 
so tha t the unpo i soned kgf£ a t the end of cyc le was 1.0. F l u x e s w e r e r e ­
c a l c u l a t e d a t each of five t i m e nodes dur ing the c o n v e r g e d cyc le t i m e of 
309.5 f u l l - p o w e r d a y s . A t a n t a l u m s h i m c o n t r o l (in r ing 9) was ad ju s t ed at 
e a c h of t h e s e nodes to m a i n t a i n c r i t i c a l i t y . S c a t t e r - r e l o a d fuel m a n a g e ­
m e n t was u s e d . In c o r e z o n e s 1 and 2, half the s u b a s s e m b l i e s w e r e r e fue l ed 

*Toppel, B. J., ANL-7332 (1967). 



at each cycle. In core zone 3, one third were refueled (zone 3 differs from 
zone 2 only in the batch fraction). The inner radial blanket was refueled in 
thirds, and the outer in quar ters . 

Midequilibrium cycle masses are given in Table I.A.2 for 
the reference reactor and the molybdenum-clad case. 

TABLE I.A.2. Midequilibrium Cycle Loadings (kg) 

Isotope 

U-235 
U-238 
P u - 2 3 9 
Pu-240 
Pu-241 
Pu-242 

U-235 
U-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 

Zone 1 

0 

5290 
633 
277 

85 
37 

0 
5113 

7 0 3 

319 
103 

43 

Zone 2 

(a) R 

0 
2500 

387 
182 

65 
25 

Zone 3 

^ference 

0 
2500 

387 
184 

64 

25 

Axial 
Blanket 

Core 

37 

14,600 
2 7 4 

9 
~0 
- 0 

(b) Molybdenum Clad 

0 

2402 
4 5 3 

2 1 5 
82 

29 

0 

2411 
457 
2 1 8 

83 

29 

40 

14,749 
2 0 1 

4 

~0 
- 0 

Radia l Blanket 

Rov/ 1 

18 

7660 
160 

5 
~0 
~0 

20 

7715 
117 

3 
~0 

~0 

Row 2 

22 

8520 
126 

4 
- 0 

~0 

2 3 

8565 
90 

2 

~0 

~0 

The nnolybdenum-clad substitution case does not represent 
a proper redesign of the reference system in any way. For example, it is 
not clear that a reactor designed for molybdenum clad would have the same 
fuel volume fractions as the reference case, since each fuel pin design 
would be based on optimizing the overall system. The whole purpose of 
the analysis was to estimate the magnitude of penalties involved with such 
refractory clad substitutions in a reference reactor designed for steel clad. 

2. Experimental Reactor Physics 

a. Fast Critical Experiments--Experimental Support--Illinois 

(i) Pulsed, Cross-correla t ion, and Noise Measurements 
(C. E. Cohn) 

Not previously reported. 

(a) Simple Turn-on Initialization for Digital Systems. When 
power is applied to a digital system, measures must be taken to insure that 
the flip-flops in the system will be initialized to the correct state. Also, 



d e s t r u c t i o n of m e m o r y con t en t s by the t u r n - o n t r a n s i e n t m u s t be p r e v e n t e d . 
C u r r e n t l y , t h e s e funct ions a r e p e r f o r m e d by v a r i o u s " s y s t e m n o r m a l i z e r s , " 
" i n i t i a l - c o n d i t i o n d r i v e r s , " and o the r m o r e o r l e s s e l a b o r a t e a r r a n g e m e n t s . 

The i n i t i a l i z a t i o n can be done m o r e s i m p l y and e c o ­
n o m i c a l l y wi th the power swi tch a r r a n g e m e n t shown in F i g . I . A . 2 . * H e r e 
the p o w e r swi tch is a t w o - p o l e , t h r e e - p o s i t i o n r o t a r y with s h o r t i n g c o n t a c t s . 
The ex t renne p o s i t i o n s of th i s swi tch a r e the O F F and ON p o s i t i o n s ; the 

m i d d l e pos i t ion is t r a v e r s e d dur ing e v e r y 
swi t ch ing o p e r a t i o n . One of the po les 
s w i t c h e s the power , whi le the o the r s w i t c h e s 
the i n i t i a l i z a t i o n c i r c u i t . 

CLOSE TO 
INITIALIZE r OPEN TO 

INITIALIZE 

T POWER 
CIRCUIT 

Fig. I.A.2. Power Switch Incorporating 
Initialization Circuit 

In the O F F pos i t i on , the power c i r ­
cui t i s open, but the i n i t i a l i z a t i o n c i r c u i t 
i s c l o s e d . On swi tch ing to the m i d d l e p o s i ­
t ion, the power c o m e s on, bu t the i n i t i a l i z a ­
t ion is held wi thout i n t e r r u p t i o n by the 

s h o r t i n g c o n t a c t s . Switching to the ON pos i t ion opens the i n i t i a l i z a t i o n 
c i r c u i t wi th no i n t e r r u p t i o n to the p o w e r . 

On turnoff, an ana logous s e q u e n c e t akes p l a c e . Swi tch­
ing f r o m the ON pos i t i on to the i n t e r m e d i a t e pos i t ion a c t u a t e s the i n i t i a l i z a ­
t ion wi th no i n t e r r u p t i o n in the p o w e r . Switching to the O F F pos i t ion b r i n g s 
down the p o w e r whi le holding the i n i t i a l i z a t i on dur ing the tu rn -of f t r a n s i e n t . 

The above d e s c r i p t i o n app l i e s to an i n i t i a l i z a t i on c i r c u i t 
tha t c l o s e s to i n i t i a l i z e . A c i r c u i t that opens to i n i t i a l i z e would be c o n n e c t e d 
d i f fe ren t ly than shown in F i g . I .A .2 . Addi t ional i n i t i a l i za t ion c i r c u i t s could 
be c o n n e c t e d to add i t iona l p o l e s . 

O r d i n a r i l y , s o l i d - s t a t e power supp l i e s c o m e to e q u i -
l ibr iunn a f te r t u r n - o n in j u s t a few c y c l e s of the l ine vo l t age . T h e r e f o r e , 
n o r m a l o p e r a t i o n of the swi tch would give enough dwell t i m e in the m i d d l e 
p o s i t i o n to wai t out the t u r n - o n t r a n s i e n t , with no c o n s c i o u s p a u s e or h e s i ­
t a t ion r e q u i r e d . 

b. F F T F C r i t i c a l A s s e m b l y E x p e r i m e n t s - - P l a n n i n g and 
E v a l u a t i o n (A. T r a v e l l i ) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp. 6-9 (Sept 1969). 

(i) Ca l cu l a t i on of the Wor ths of V a r i o u s Con t ro l C l u s t e r s in 
F T R - 2 . The w o r t h s of p e r i p h e r a l c o n t r o l c l u s t e r s in F T R - 2 a r e of 
s p e c i a l i n t e r e s t in the F F T F c r i t i c a l p r o g r a m b e c a u s e such v a l u e s c a n be 

Cohn, C. E., Simple Turn-On Initialization for Digital Systems, Electronic Design 17 (No. 13), 78-79 
(June 1969). 



related directly to the work of the peripheral control system of F F T F and 
of the next crit ical assemblies (FTR-3 and engineering mockup). The ex­
periments in which the control ring of FTR-2 was gradually removed in 
preparation for the shielding experiments provide an excellent test of the 
computational methods used to calculate the worth of such a control 
cluster. The experiments are described in detail in Sect. I.A.4.d. 

The nominally two-drawer-thick peripheral control ring 
of FTR-2 was progressively removed in the course of these experiments , 
in such a manner that the configuration of the peripheral control system 
resulting at the end of each step would approximate to some extent an 
intermittent ring of equally spaced square control clusters made up of 
four matrix tubes. These conditions would make it possible to approximate 
closely, if not exactly, the F F T F peripheral control system. 

The rather large increase in reactivity that accompanied 
the removal of control material at each step was compensated approxi­
mately by depleting a small central region of the core of fissile elements . 
This procedure made it possible to measure accurately the change in 
reactivity occurring at every step of the experiment, because the multi­
plication constant of the reactor was at all t imes very close to unity. 

The calculation of the reactivity worths of various numbers 
of control ring drawers inserted in 2 x 2 clusters at a position located in 
the FTR-2 reflector and adjacent to the core boundary was performed in 
the DIFF-2D diffusion code,* in R-S geometry and with c ross -sec t ion 
set 29601 (see Progress Report for November 1967, ANL-7399, p. 37). 
This cross-sect ion set contains only six energy groups and is the most 
convenient set currently available at ANL for use in prel iminary calcula­
tions of this type, even though it was prepared for a somewhat different 
composition considered during an ear l ier stage of the F F T F cri t ical program. 

The core and reflector compositions and dimensions used 
in the calculations were those of Assembly Z P P R / F T R - 2 (see P rogress 
Report for April-May 1969, ANL-7577, p. 42; for July 1969, ANL-75q5, 
pp. 24-26). In the R-S formulation of the problem, a pair of control-r ing 
matrix tubes in the reflector adjacent to the core are represented as the 
section of an annulus whose radial thickness is the thickness of two drawers 
and whose angular arc is such that the area of the annular section is equal 
to the cross-sect ional area of two matrix tubes. This section of annulus is 
placed next to 9 = 0, with a reflective boundary. Thus the basic size of the 
unit of control composition is a cluster of four matr ix tubes, occupied by 
eight drawers. By specifying the other angular boundary of the problem 
as being reflective and at g = Tl/n, the resulting configuration considered 
in the calculation corresponds to a cylindrical core with n four-tube control 

'Toppel, B. J., ANL-7332 (1967). 
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Fig. I.A.3. The Dependence of Reac­
tivity on the Number of 
Control Drawers in FTR-2 

c l u s t e r s . The va l u e s of n = 9, 18, and 27 
u s e d in th is a n a l y s i s lead to t h r e e of the 
four c a l c u l a t e d po in t s shown in F i g . I. A. 3. 
F o r each of t h e s e poin ts the Ak in p e r ­
cen t is the va lue of kg££ c a l c u l a t e d in the 
D I F F - 2 D p r o b l e m minus the va lue of kgff 
c a l c u l a t e d for the s a m e a s s e m b l y with the 
c o n t r o l r ing r e p l a c e d by r e f l e c t o r m a t e r i a l . 
The D I F F - I D code was u s e d for the l a t t e r 
p r o b l e m . In both types of p r o b l e m the 
a x i a l l e akage was s i m u l a t e d by a DB 
a b s o r b e r . The va lue of t r a n s v e r s e b u c k ­
ling u s e d (6.064 x 10"* cm~^) was the one 

which, with c r o s s - s e c t i o n s e t 29601 , gave 
the s a m e kgff for A s s e m b l y Z P P R / F T R - 2 
when the c a l c u l a t i o n was run for a one -

d i m e n s i o n a l c y l i n d r i c a l problenn as when the c a l c u l a t i o n was r u n for a 
t w o - d i m e n s i o n a l RZ p r o b l e m (kgff = 1.0048). 

E v e r y e x p e r i m e n t a l point in F i g . I. A. 3 c o r r e s p o n d s to a 
loading whose kgff was d e t e r m i n e d e x p e r i m e n t a l l y and which was ob ta ined 
f r o m a p r e v i o u s loading by r e d u c i n g the n u m b e r of the c o n t r o l d r a w e r s . 
The a b s c i s s a of the point i n d i c a t e s the n u m b e r of c o n t r o l d r a w e r s in the 
loading . The o r d i n a t e of the point i n d i c a t e s , with a r e v e r s a l of s ign, the 
s u m of the c h a n g e s in r e a c t i v i t y m e a s u r e d dur ing a l l s u b s e q u e n t r e m o v a l s 
of c o n t r o l m a t e r i a l . Thus , the o r d i n a t e of any e x p e r i m e n t a l point c o r r e ­
sponds c l o s e l y to the to ta l wor th of the c o n t r o l dra-wers ind ica ted by the 
a b s c i s s a . This r e p r e s e n t a t i o n does not take into accoun t the effect of the 
dep l e t i on in the s m a l l c e n t r a l zone of the c o r e on the wor th of the c o n t r o l 
d r a w e r s , nor does it t ake into accoun t the d i f fe rence b e t w e e n i n t e r m i t t e n t 
annu lus of c o n t r o l m a t e r i a l and the r a t h e r i r r e g u l a r con f igu ra t ions u s e d 
in the e x p e r i m e n t s ; t h e s e effects should be r a t h e r s m a l l , h o w e v e r , and 
m a y be n e g l e c t e d in p r e l i m i n a r y c a l c u l a t i o n s . 

The c o m p a r i s o n of the c a l c u l a t e d c o n t r o l w o r t h s with the 
e x p e r i m e n t s , a s shown in F i g . I. A. 3, i s qu i te s a t i s f a c t o r y . In p a r t i c u l a r , 
the f igu re i n d i c a t e s e x c e l l e n t e x p e r i m e n t a l v e r i f i c a t i o n of the c u r v a t u r e 
of the c a l c u l a t e d c u r v e , which i n d i c a t e s the m u t u a l sh ie ld ing tha t c o n t r o l 
c l u s t e r s e x e r t on each o the r as they a r e m o v e d c l o s e r and c l o s e r t o g e t h e r . 

3. Z P R - 6 and -9 O p e r a t i o n s and Ana lys i s 

a. Zoned C r i t i c a l E x p e r i m e n t s (L. G. LeSage) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp. 9-10 (Sept 1968). 

(i) Z P R - 9 A s s e m b l y 25 E x p e r i m e n t s . The e x p e r i m e n t s with 
Z P R - 9 A s s e m b l y 25 have b e e n c o m p l e t e d . T h e s e m e a s u r e m e n t s w e r e m a d e 



for t h r e e d i f fe ren t n u l l - r e a c t i v i t y z o n e s in A s s e m b l y 25. The u n i t - c e l l 
nul l d r a w e r loadings of each of the null zones is g iven in Tab le I . A . 3 . 
Zone 1 was loaded f i r s t and inc luded the e n t i r e c e n t r a l t e s t zone of the 
a s s e m b l y . After comple t i on of the m e a s u r e m e n t s wi th Zone 1, the c e n t r a l 
21 d r a w e r s in each half w e r e loaded to f o r m Zone 2. B e c a u s e a p p r o v a l to 
load m o r e than one kg of p lu ton ium into Z P R - 9 had not yet b e e n r e c e i v e d , 
Zone 3 c o n s i s t e d of only the front 3 in. of 5 d r a w e r s in e a c h half. The 
to ta l p lu ton ium loading in Zone 3 was about 0.95 kg. The nul l c o m p o s i t i o n 
was ca re fu l ly d e t e r m i n e d in each zone , and the r e a c t i v i t y w o r t h s of e a c h 
of the cons t i t uen t m a t e r i a l s w e r e m e a s u r e d . De ta i l ed f i s s i o n and c a p t u r e 
r a t e m e a s u r e m e n t s w e r e a l so m a d e in each nul l u n i t - c e l l . The i m p o r t a n t 
f i s s ion and c a p t u r e r a t e s , c " / f " , f^Vf^^ f^'/f", c^Vf« , f " / f « , a^^ and 
a '" can be d e t e r m i n e d f rom this data for the a p p r o p r i a t e uni t c e l l s . 

TABLE I,A.3. ZPR-9 Assembly-25 Null-zone 
Drawer-loading Arrangements 

Zone 1: l / l 6 Al, l/4 D, l/32 E, 3/8 D, l/32 E, l /4 D, 0.025 Al, 
0.035 D, 3/16 D, 1/32 E, 3/8 D, 1/32 E, 1/4 D, 1/16 Al 

Zone 2; 1/16AI, T /S D, l / s E, 7/8 D, 1/16AI 

Zone 3: 1/4 stainless steel frame, I I /16 D, 1/8 ZPR-3 Pu, 3/4 D, 
3/16 Al 

Note: All dimensions are in inches. E, D, Al, and Pu designate, 
respectively, enriched uranium, depleted uranium, aluminum 
(45% dense), and plutonium-aluminum alloy. 

The following addi t iona l m e a s u r e m e n t s w e r e a l s o m a d e 
with A s s e m b l y 25, Zone 1: 

(a) Both a}^ and a*' w e r e m e a s u r e d by the r e a c t i v i t y -
r e a c t i o n r a t e method . 

(b) The p e r t u r b a t i o n d e n o m i n a t o r was m e a s u r e d . . 

(c) The c e n t r a l r e a c t i v i t y w o r t h s of a n u m b e r of a d d i ­
t ional m a t e r i a l s w e r e m e a s u r e d . 

(d) Rad ia l U, a l u m i n u m , and s t a i n l e s s s t e e l r e a c t i v i t y 
t r a v e r s e s w e r e m a d e to t e s t the s p e c t r a l c o n v e r g e n c e in the zone . 

(e) The r a d i a l and ax ia l a c t i v a t i o n t r a v e r s e s w e r e m a d e 
with "^U and "^U fo i l s . 

(f) A s e r i e s of c e n t r a l n u l l - c o m p o s i t i o n r e a c t i v i t y 
m e a s u r e m e n t s w e r e conduc ted to check e x p e r i m e n t a l l y s o m e a s p e c t s of 
the n u l l - r e a c t i v i t y t echn ique . T h e s e m e a s u r e m e n t s w e r e m a d e with both 
Zone 1 and Zone 2. 



b. Coolant Reactivity Experiments (R. A. Karam) 

Last Reported: ANL-7513, pp. 15-20 (Oct 1968). 

(i) Analysis of Sodium-void Coefficient. The measured values 
of the sodium-void coefficients in Assembly 5 of ZPR-6, the 2700-liter 
uranium carbide core, have been reported previously.* Those results have 
recently been analyzed with ENDF/B data. The analysis reported here 
pertains to the measurements in the axial direction comprising the deter­
mination of the void coefficient in sections 4 in. long in the 9 central 
drawers per half (equivalent outer radius of 9.35 cm). 

Two cross-sect ion sets were generated for the homogeneous 
composition of Assembly 5 for the configurations with and without sodium. 
The resonance-region ^^'u cross sections were corrected in both sets for 
spatial self-shielding according to equivalence theory. Finally, the sets 
were weighted with the fine structure of the fluxes in the unit cell. 

Three sets of calculations and the measured values are 
compared in Table I. A. 4. The f i rs t -order perturbation (FOP), one-dimensional 
diffusion calculations were performed with the MACH-1 code, using the set 

TABLE I.A-4- Measured and Calculated Sodium-void Coefficient as a Function 
of Axial Direction in Normal Loading of Assembly 5 of ZPR-6 

Sections Voided 

A 

B 

C 

D 

E 

F 

G 

H 

All Sections 
IMeasured or 
Calculated! 

All Sections 
(Summed) 

AZ^ Icml 

0.0-5.08 

0.0-10.16 

10.16-20.32 

20.32-30.48 

30.48-40.64 

40.64-50.80 

50.80 

60.96-71.12 

0.0-71.12 

0.0-71.12 

Sodium 
Weight 

Ikgl 

0.8S6 

1.772 

1.955 

1.955 

1.955 

1.955 

1.955 

1.955 

13.502 

13.502 

Meas 

Ifi/Secfion 

1.02 

1.98 

190 

0.85 

-0.40 

-2.00 

-2.64 

-3.00 

-3.95 

-3.31 

Sodium 

ured'' 

Ih/kg Na 

1.15 

1.12 

0.^7 

0.44 

-0.20 

-1.02 

-1.35 

-1.54 

-0.293 

-0.245 

-void Coefficient 

Calculated (Iti/kgl 

1-D DiflusionC 

0.591 

0.582 

0.420 

0.116 

-0.287 

-0.732 

-1161 

-1518 

-0.2529 

2-D Diffusion'' 

0.509e (0.797)( 

0.473 

0.350 

0.081 

-0264 

-0640 

-0.959 

-1108 

-0.341 

(0.7791 

(0.6281 

(0.3331 

(-0.061) 

(-0.494) 

(-0.857) 

(-1.050) 

(-01161 

3AZ is the axial length of each section in each half of the core. 
''Typical uncertainty in each measurement was 0.10 Ih (1% Ak/k = 476 Ih). 
ccalculated with the set appropriate to the sodium-in configuration with one-dimensional (1-DI diffusion 
code and first-order perturbations. 

^Difference in k calculation. 
^Calculated with set appropriate to sodium-in configuration. 
'Calculated with two sets,- one for the sodium-in and one for the sodium-out configurations, 
goifference in k calculation with change in reflector savings due to sodium removal taken into 
consideration. 

Karam, R. A., et al., ANL-7310 (1968), p. 167. 
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appropriate for the sodium-in configuration. In these calculations the un­
perturbed fluxes, assumed to have a cosine axial distribution, were used. 
It is seen that the spectral component of the sodium-void coefficient 
(according to FOP the value in Sect. A is 98% spectral and 2% leakage) is 
incorrectly predicted. The agreement between the calculated and measured 
values improved as a function of Z, the axial height. The spectral compo­
nent fraction of the void coefficient decreases as a function of Z, and in 
Sect. H the coefficient is 95% leakage and 5% spectral . Thus the improve­
ment in agreement was primari ly due to the leakage component and might 
be fortuitous since the unperturbed fluxes, assumed to have cosine dis­
tribution, were used. 

I I \ 
^ - — P E R T U R B E D 

/ • 
UNPERTURBED D 

T 

a GROUP I (10-3.68) 
• MeV) 

GROUP 15 (1.3-
2.6 KeV) 

GROUP 22 
(0.10-0029 KeV) ~n 

J \ \ L r^oA 
"20 0 20 40 60 80 100 

REACTOR HALF-HEIGHT, Cm 

Fig. I. A.4. Comparison of Perturbed and 
Unpenurbed Fluxes due to 
Sodium Voiding in a 2- in . 
Section at Core Center 

A check on these assumptions 
was obtained with two-dimensional 
diffusion, k calculations, using the 
same cross-sect ion set. The resul ts 
show that at the core center, where 
the leakage component is nil, the 
unperturbed fluxes increased the co­
efficient by 15-20%. Comparison of 
the perturbed fluxes due to sodium 
voiding in Sect. A with the unper­
turbed fluxes ingroup 1 (10-3.68MeV), 
group 15 (4.3-2.6 keV), and group 22 
(0.10-0.029 keV) is shown in Fig. I. A.4. 
It is seen that the perturbation in 
groups 1, 15, and 22 is significant. 
The two-dimensional resul ts also 
show that the axial distribution of 
the fluxes does not have a cosine 
shape. 

The last of two-dimensional 
diffusion, k calculations (values in 
parenthesis) were obtained using 
two different c ross -sec t ion se ts : 
one for the sodium-voided region 
and one for the normal core compo­
sition. Although the size of the 
voided region may not be large enough 
to justify the use of cross sections 
averaged with the fundamental-mode 
spectrum of the sodium-free core, 
a difference in k of only 0.2% was 
calculated with the two sets for the 
homogeneous composition of Assem­
bly 5 without sodium. This indicates 
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tha t the d i f f e r ence b e t w e e n the va lue s c a l c u l a t e d with t w o - d i m e n s i o n a l 
diffusion is due to the s p a t i a l s e l f - s h i e l d i n g c o r r e c t i o n to the ^^'u c r o s s 
s e c t i o n s and the weighing with the fine s t r u c t u r e of the f luxes . 

The c a l c u l a t e d coef f ic ien ts shown in Tab le I .A.4 should 
be naul t ip l ied by 1.10, the r a t i o of c a l c u l a t e d to m e a s u r e d n o r m a l i z a t i o n 
i n t e g r a l . * With th i s c o r r e c t i o n the c a l c u l a t e d and m e a s u r e d v a l u e s a r e 
wi th in 20% of e a c h o t h e r at the c o r e c e n t e r . The a g r e e m e n t in Sec t . H 
is w o r s e , h o w e v e r , i nd ica t ing tha t the p r e v i o u s a g r e e m e n t with the F O P 
v a l u e was f o r t u i t o u s . 

4. Z P R - 3 and Z P P R O p e r a t i o n s and A n a l y s i s 

a. Rou t ine O p e r a t i o n of the C r i t i c a l F a c i l i t i e s (P . I. A m u n d s o n 
and R. G. Mat lock) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp. 10-11 (Sept 1969). 

(i) Z P P R O p e r a t i o n . O p e r a t i o n of Z P P R has b e e n e n t i r e l y 
devo ted to the F T R P r o g r a m . Major a c t i v i t i e s inc luded b o r o n c o n t r o l -
r i n g r e m o v a l , n e u t r o n s p e c t r a , and r e a c t i o n - r a t e t r a v e r s e m e a s u r e m e n t s . 

(ii) Z P R - 3 O p e r a t i o n . All m a t e r i a l s u s e d in A s s e m b l y 57 
have b e e n un loaded anci p l aced in s t o r a g e . The s p e c i a l a l u m i n u m m a t r i x -
tube b u n d l e s have b e e n r e p l a c e d wi th s t a n d a r d s t a i n l e s s s t e e l t ubes and 
the m a t r i c e s have b e e n a l igned . 

New b a c k - m o u n t i n g p l a t e s have b e e n i n s t a l l e d on the 
a s s e m b l y . I n s t a l l a t i o n of c o n t r o l - s a f e t y roS d r i v e s for A s s e m b l i e s 58 
and 59 ( s i m p l e - c o m p o s i t i o n P u - C c o r e s ) h a s begun . 

(ii i) C o m p u t e r D e v e l o p m e n t . Modi f i ca t ions have b e e n m a d e to 
the d a t a - s y s t e m r o u t i n e s to type a "done" m e s s a g e to the R e m o t e T e l e t y p e 
i nd i ca t i ng e x t r a n e o u s i n t e r r u p t s r e c e i v e d f r o m the M u l t i p l e x o r . T h e r e is 
no way to d i s r e g a r d the e x t r a n e o u s i n t e r r u p t s i nce one da ta w o r d is t a k e n 
for e a c h i n t e r r u p t and decoding of the e x t r a n e o u s da ta is a l r e a d y in p r o g ­
r e s s b e f o r e it is p o s s i b l e to d e t e r m i n e if e x t r a i n t e r r u p t s have o c c u r r e d . 
When the " d o n e " m e s s a g e is r e c e i v e d , the o p e r a t o r m a y r e i n i t i a l i z e the 
d a t a - s y s t e m r o u t i n e s and con t inue taking da ta . 

A r e a c t i v i t y - t r a v e r s e C R T d i s p l a y was added to the da t a 
s y s t e m s a l lowing for l ive d i s p l a y of rod pos i t ion v e r s u s count r a t e . 

With the g r a d u a l e x p a n s i o n of d a t a - a c q u i s i t i o n t e c h n i q u e s , 
u t i l i z a t i o n of an expanded m o n i t o r s y s t e m is n e c e s s a r y . E f fo r t s have b e e n 
i n i t i a t e d to upda te a l l so f twa re s o u r c e decks to the m o s t r e c e n t nnon i to r -
s y s t e m r e l e a s e s . 

*Katam. R. A.. Nucl. Sci. Eng. 37, 192 (1969). 
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An XY plotter program to plot the analyzed data from 
reactivity t raverse runs has been written. 

A program has been completed to read the incremental 
magnetic-tape data-acquisition system, convert the thermocouple readings 
to temperatures , and log the resul ts . 

b. Clean Critical Experiments (P. I. Amundson) 

Last Reported: ANL-7618, pp. 11-15 (Sept 1969). 

The essential purpose of the construction of ZPR-3 Assem­
blies 58 and 59 is to study the persistent e r ro r in the calculation of central 
reactivity worths. These assemblies will be constructed with a single-
drawer core cell, which consists of two plutonium-aluminum plates and 
fourteen graphite plates, and thus these systems also form a natural con­
tinuation of the ser ies of "benchmark" physics assemblies . The cell differs 
from the cell of Assembly 53 in that the mixed-fuel column has been r e ­
placed by a second plutonium column (and a graphite column). This gives a 
core with no U-238 present, and a lower crit ical mass and volume. The 
effect of moving the two fuel columns together may be studied. 

The two assemblies will differ from each other in the reflector. 
One will be 12 in. of depleted uranium blocks; the other will be 12 in. of 
blocks of lead. 

TABLE I.A.5. Composition of ZPR-3 
Assemblies 58 and 59 

(10"a toms/cc) 

Isotope 

Pu-239 
Pu-240 
Pu-241 
Al 
C 

U-235 
U-238 
F e 
C r 
Ni 
P b 

Core 

0.002138 
0.000102 
0.0000098 
0.000222 
0.06030 

0.007429 
0.001978 
0.000809 

Reflectors 

Uranium 

0.000084 
0.03998 
0.004540 
0.001209 
0.000494 

Lead 

0.004540 
0.001209 
0.000494 
0.02778 

from the RABID Code. Recent values 
were used. Cross sections were also 
columns moved together. The cross s 
Assembly 53 were used, and lead cros 
Bondarenko data. 

Prel iminary values for the 
compositions of the core, as used in 
the design calculations, are given in 
Table I.A.5. The standard single-
drawer core cell is: CCCC Pu 
CCCCCCC Pu CCC, where each 
plate is 0.125 in. thick and Pu rep­
resents a ZPR-3 P U / A 1 plate. Cross 
sections in 24 groups were prepared 
from MC^ using E N D F / B data. 
Because of the importance of the 
Doppler calculations to safety c r i ­
teria for ZPR-3 , the Pu-239 fission 
and capture cross sections in the 
energy region between 275 eV and 
25 keV were obtained (at 300°K) from 
the IDIOT Code, and below 275 eV 
of the Pu-239 resonance paramete rs 
found for the cell with two fuel-plate 
ections for the uranium reflector of 
s sections were adapted from the 
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Spherical MACH-1 calculations were run using both fuel-plate 
configurations and both reflectors. The cri t ical radii for the uranium and 
lead reflectors with the plates separated were 30.4 and 28.3 cm, giving 
cri t ical masses (Pu-239 + Pu-241) of 100.6 and 80.5 kg, respectively, both 
well below the permissible 430 kg plutonium. Moving the plates produced 
changes =0.1 kg in the cri t ical masses . The central spectra for the four 
cases are compared in Table I. A.6. The only significant differences are 
in the last few groups where the reduced resonance self-shielding in the 
plates apart remove more of the low-energy neutrons. The central spec­
trum for Assembly 53, calculated with the standard E N D F / B Pu-239 data, 
is also shown. The adjoint for one case is given in the last column. 

TABLE I.A.6. Normalized Central Spectra 

Group 

1 
2 
3 
t 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Lower 
Energy 

368 MeV 
2.31 
1.35 
82i keV 
498 
302 
183 
111 
67.4 
40.9 
24.8 
15.0 
9.12 
5.53 
3.35 
2.03 
961 eV 
454 
275 
61.4 
13.7 
3.06 
0.683 
0.0028 

Plates 
Together, 

U Reflector 

0.0294 
0.0544 
0.0888 
0.0964 
0.0935 
0.0852 
0.0761 
0.0669 
0.0601 
0.0541 
0.0172 
0.0425 
0.0379 
0.0318 
0.0286 
0.0249 
0.0294 
0.0212 
0.0097 
0.0171 
0.0040 
0.0006 
0.0002 
0 

Plates 
Apart, 

U Reflector 

0.0295 
00547 
00893 
0.0969 
0.0940 
0.0857 
0.0765 
0.0673 
0.0604 
0.0544 
0.0475 
0.0428 
0.0380 
0.0320 
0.0287 
0.0249 
0.0291 
0.0206 
0.0092 
0.0150 
0.0030 
0.0004 
0.0001 
0 

Plates 
Apart. 

Pb Reflector 

0.0288 
0.0538 
0.0888 
0.0970 
0.0947 
0.0866 
00774 
0.0681 
0.0611 
0.0549 
0.0478 
0.0428 
0.0379 
0.0317 
0.0283 
0.0244 
0.0284 
0.0201 
0.0090 
0.0148 ' 
0.0030 
0.0004 
0.0001 
0 

Plates 
Together, 

Pb Reflector 

0.0287 
0.0536 
0.0883 
0.0965 
0.0942 
00861 
0.0770 
0.0677 
0.0608 
0.0546 
0.0475 
0.0426 
0.0377 
0.0315 
0.0282 
0.0244 
0.0287 
0.0207 
0.0095 
0.0169 
0.0040 
0.0007 
0.0002 
0 

Assembly 53 

0.0254 
0.M58 
0.0732 
00824 
0.0869 
0.0849 
0.0791 
0.0712 
0.0651 
0.0593 
0.0523 
0.0478 
0.(M28 
0.0363 
0.0326 
0.0279 
0.0335 
0.0238 
0.0106 
0.0167 
0.0022 
0.0002 
0 
0 

Adjoint,^ 
Plates Apart, 
U Reflector 

6.664 
6.827 
6.896 
7.165 
7518 
7.842 
8.120 
8.376 
8.569 
8.753 
8.966 
9.124 
9.265 
9.386 
9.510 
9.747 

10.153 
10.996 
11.616 
12.049 
11.594 
11.743 
11.276 
14.489 

The basic configuration (fuel columns separated and a uranium 
reflector) was converted to a cylinder (L/D = 0.9; shape factor = 0.95) 
giving a half-height very close to 10 in. and a radius corresponding to a 
loading of 81 drawers in each half of the reactor matrix (106 kg Pu-239 + 
Pu-241). For the lead-reflected system, the cri t ical loading will be about 
65 drawers in each half (85 kg Pu-239 + Pu-241). 

c. Doppler Experiments (R. E. Kaiser) 

Last Reported: ANL-7618, p. 15 (Sept 1969). 

The final tests and modifications of the Doppler mechanism 
have been completed. A small leak at an electr ical connection in the 
vacuum manifold was repaired. 
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P - w a v e r e s o n a n c e effects for the a n a l y s i s of the U-238 r e ­
ac t iv i ty Dopple r e x p e r i m e n t in Z P R - 3 A s s e m b l y 53 have b e e n e v a l u a t e d . 
P - w a v e r e s o n a n c e s in the u n r e s o l v e d r e g i o n c o n t r i b u t e about 2% of the 
to ta l r e a c t i v i t y change . 

d. Mockup C r i t i c a l E x p e r i m e n t s (W. P . Keeney) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , p. 17 (Sept 1969). 

The e x p e r i m e n t s with Z P P R A s s e m b l y 1 con t inued . This 
Z P P R a s s e m b l y is the A s s e m b l y 2 of the F T R R e s u m e d P h a s e - B C r i t i c a l 
E x p e r i m e n t s P r o g r a m ( F T R - 2 ) . With the c o m p l e t i o n of the Z P P R a n n u a l 
c o n t a i n m e n t t e s t s , the sh ie ld p o r t i o n of F T R - 2 e x p e r i m e n t a l p r o g r a m 
was begun. R e p o r t e d h e r e a r e the r e s u l t s of the c o n t r o l - r i n g r e m o v a l , 
the sh ie ld i n s t a l l a t i o n , and the f u e l - s t o r a g e e x p e r i m e n t . The p r o t o n -
r e c o i l s p e c t r u m m e a s u r e m e n t s w e r e done in the sh i e ld and r e f l e c t o r , 
and the r a d i a l r e a c t i o n - r a t e t r a v e r s e s of P u - 2 3 9 , U - 2 3 8 , and B - 1 0 have 
been m e a s u r e d with t r a v e r s e c o u n t e r s at ax ia l e l e v a t i o n s of 3 and 22 in . 
These da ta a r e now be ing p r o c e s s e d . 

(i) C o r e Deple t ion , C o n t r o l - r i n g R e m o v a l , and Sh ie ld 
Addit ion. The sh ie ld e x p e r i m e n t r e q u i r e d the r e m o v a l of the B4C c o n t r o l 
r ing f r o m the F T R - 2 a s s e m b l y . R e p l a c e m e n t of the c o n t r o l r i n g wi th a 
r a d i a l r e f l e c t o r was p e r f o r m e d in s t e p s , with the r e s u l t i n g r e a c t i v i t y 
effects c o m p e n s a t e d by a l t e r n a t e l y subs t i t u t i ng d e p l e t e d u r a n i u m for the 
p lu ton ium fuel in the c e n t r a l r e g i o n of the c o r e . C o n t r o l - r i n g m a t e r i a l 
was s y m m e t r i c a l l y r e m o v e d f r o m each of the a s s e m b l y q u a d r a n t s w h e n ­
e v e r p o s s i b l e . The s t e p - w i s e s u b s t i t u t i o n s p e r f o r m e d in r e m o v i n g the 
c o n t r o l r ing and e s t a b l i s h i n g a c r i t i c a l con f igu ra t i on a r e s u m m a r i z e d in 
Table I.A 7, Loadings 96 to 114. The r e f e r e n c e for t h i s e x p e r i m e n t . 
Loading 1-96, is i d e n t i c a l to the Z P P R F T R - 2 R e f e r e n c e C r i t i c a l 
Conf igura t ion ( see P r o g r e s s R e p o r t for Ju ly 1969, A N L - 7 5 9 5 , p . 25) . 
As the c o r e dep le t ion and c o n t r o l - r i n g r e m o v a l p r o c e e d e d , the s u b c r i t i -
ca l i ty of r e s u l t i n g con f igu ra t i ons was m e a s u r e d us ing the i n v e r s e - k i n e t i c s 
method, and the r e s u l t s a r e g iven in Tab le I .A .7 . As shown, a p p r o x i ­
m a t e l y 29 kg of f i s s i l e m a s s was r e m o v e d f r o m the c o r e to c o m p e n s a t e 
for the subs t i t u t i on of r a d i a l r e f l e c t o r for the c o n t r o l r i n g . 

The s u b c r i t i c a l i t y da ta p r e s e n t e d in Tab le I .A.7 w e r e 
eva lua t ed us ing two s e t s of d e l a y e d - n e u t r o n f r a c t i o n s : t h o s e c o r r e s p o n d ­
ing to the Z P P R F T R - 2 R e f e r e n c e C r i t i c a l Conf igu ra t i on ( s ee P r o g r e s s 
R e p o r t for Ju ly 1969, A N L - 7 5 9 5 , p . 24) and t hose l i s t e d in Tab le L A . 8 . 
The effect on the c a l c u l a t e d kgx v a l u e s was i n s ign i f i can t . 
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Loading No. 

Radial Reriector 
Composition Substituted 
tor Control Composition, 

Matrix Position 

No. of Control-ring 
Drawers Remaining 
(Halves 1 and 2)^ 

Depleted U Substituted 
for Pu Fuel 

Matrix Position 

Total Fissile Mass 
In Halves 1 and 2 

Ikgl'' kg- W Ak/k)C 

Reference 

144-28 145-29 
144-29 

130-28 130-46 
130-29 144-45 
130-45 144-46 

-(145-291 

125-38 
1Z5-J9 
126-38 
126-39 
l 2 9 - « 
129-45 

129-29 
129-30 
135-25 
135-26 
136-25 
136-26 

134-25 
134-26 
134-48 
134-49 

131-27 
131-28 
131-46 
131-47 

145-29 
145-30 
148-35 
148-36 
149-35 
149-36 

138-48 
138-49 
139-48 
139-49 
145-44 
145-45 

140-25 
140-26 
140-48 
140-49 

143-27 
143-28 
143-46 
143-47 

136-37 
137-36 
137-38 
138-37 

136-36 
136-38 

527.M1 +0.086 t 0.001 

525.M3 -0.480 ± 0.030 

525,043 

525.0)3 -0.159 t O.OOS 

125-35 
125-36 
126-35 
'26-36 
135-48 
135-49 
136-48 
136-49 

125-37 
126-37 
137-25 
137-26 

138-25 
138-26 
139-25 
139-26 
148-38 
148-39 
149-38 
149-39 

137-48 
137-49 
148-37 
149-37 

127-31 
127-32 
127-42 
127-43 
128-30 

128-31 
128-43 
128-44 

146-30 

146-31 
146-43 
146-44 
147-31 
147-32 
147-42 
147-43 

132-26 
132-27 
132-47 
132-48 
133.26 
133-27 
133-47 
133-48 

141-26 
141-27 
141-47 
141-48 
142-26 
142-27 
142-47 
142-48 

135-37 507,064 -1.69 t 0.25 

137-35 
137-39 
139-37 

135-36 
135-38 
139-36 
139-38 

507,064 -0,849 t 0,061 
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Radial Reflector 
Composition Substituted 
for Control Composition, 

Matrix Position 

126-33 
126-34 
126-40 
126-41 
127-33 
127-34 
127-40 
127-41 

147-33 
147-34 
147-40 
147-41 

148-33 
148-34 
147-40 
148-41 

Sodium/Stainless sleel 
shield installed. Reactor 
configuration identical 
to Loading 114 

Sodium/Stainless steel 
shield installed. Reactor 
configuration identical 
to Loading 113 

TABLE I.A.7 (Contd.) 

No. of Control-ring 
Drawers Remaining 
(Halves 1 and 2^ 

Depleted U Substituted 
(or Pu Fuel, 

Matrix Position 

Total Fissile Mass 
in Halves 1 and 2 

(kgt" 

136-35 
136-39 
138-35 
138-39 

-(135-361 
-(135-381 
-(139-36) 

135-36 
135-38 
139-36 

kp , (% Ak/kl*^ 

^Subslilutions were made in mirror image positions in both Halves 1 and 2. Only the Hall 1 positions are listed. Negative sut)stitution listings indicate inverse 
substitution, 

''Pu-239 + Pu-241 + U-235. 
^For all subcritical cases all of the fueled safety and control rods were fully inserted In the core. For all the supercritical cases the excess reactivity is that 
which the reactor would contain had all rods been inserted. With the exception of Loading No. 100 all of the -kgx values were measured with the inverse-
kinetics technique. A repeated failure in the computer data-acquisition system required this subcritical value to be determined from the calibration of the 
subcritical counters obtained from Loading No. 99. 

Group 

1 

2 

3 

g( U-235) 

1.91663-06 

1.07432-05 

9.48226-06 

TABLE 

0 |^ -"^ ' 0 

1.86568-05 

1.96614-04 

2.32493-04 

.A.8. Calculated 

Pu-239+Pu-24!l 

5,84633-05 

4.30781-04 

3.32317-04 

Beta Fractions for 

(Pu-240) 

1.64766-06 

1.60647-05 

1.12983-05 

tfie ZPPR 

Group 

4 

5 

6 

FTR-2 Shield Configuration 

(U-235) 

2,05281-05 

6.45600-06 

1,31138-06 

g(U-238) 

5.56835-04 

3.22907-CM 

1.07636-04 

JPu-239+Pu-24I) 

5,04630-04 

1.58466-04 

5.38^77-05 

„(Pu-240) 

2.05958-05 

7.53218-06 

1.70651-06 

Notes: 3ell " 3.08293-03; t • 5,20426-07 SK; Ih /* p • 1.03853 • 03, 

The effective s o u r c e used for the d e t e c t o r in d e t e r m i n i n g 
kgx by the equat ion kex = s / ( E q u i l i b r i u m Count Rate) was d e t e r m i n e d by 
the use of a rod d rop in the s u b c r i t i c a l s y s t e m . The power h i s t o r y was 
r e c o r d e d before , dur ing , and af ter the d r o p , unti l e q u i l i b r i u m power was 
again r eached . The usua l point k ine t i c s equa t ions w e r e u s e d to c a l c u l a t e 
kex for each t ime i n t e r v a l . The c a l c u l a t e d va lu e s of the in i t i a l and f inal 
r e a c t i v i t y divided by the a s s u m e d s o u r c e s t r e n g t h a r e i ndependen t of the 
a s s u m e d s o u r c e . This s a m e quot ient soon af ter the rod d r o p is a funct ion 
of the a s s u m e d s o u r c e . The b e s t va lue of the s o u r c e was found by ad jus t ­
ing the s o u r c e until the quot ien t s af ter the d r o p w e r e c o n s t a n t . The e r r o r 
in this s o u r c e d e t e r m i n a t i o n was found f rom the change in th i s s o u r c e 
n e c e s s a r y to cause an in i t ia l dev ia t ion of the quo t ien t af ter the d r o p f r o m 
the cons tan t value found above by an a m o u n t equa l to the r m s e r r o r in 
these va lues of the quot ient . 
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With the removal of the control ring completed, the sodium-
stainless steel shield was added to the assembly. The shield extended the 
length of the FTR-2 core and axial reflector, had a thickness of approxi­
mately 2 ft, and an azimuthal span of 80°, and contained 62.7-vol % stainless 
steel, 23.5-vol % sodium, and 13.8-vol % void. An interface view of the r e ­
sulting assembly is shown in Fig. I.A.5 and is designated the ZPPR FTR-2 
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ZPPR HALF 
(H»LF 2 IS » MIRROR IMAGE OF H»LF I ) 

S - S»FEH ROO C - CONTROL ROO P - ORAWER 40J4CEI(T 10 POISOK S4FETT ROD 

I - POISON SAFETY ROD (WITHDRAWN DURING OPERATION) 

F - U-235 FISSION CHAMBER (FRONT OF CHAMBER AT REACTOR MIDPLANE. HO F s IN HALF 2) 

Fic7 LA.."). ZPPR FTR-2 Shield Configuration (Loading 1-120) 
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shield configuration (Loading 1-120). As indicated in Table I.A.7, Load­
ings 114 and 120, the installation of the shield caused a reactivity effect 
of -to.048% Ak/k. 

Subcritical neutron flux data were monitored by the three 
U-235 fission chambers (see Progress Report for June 1969, ANL-7581, 
p. 26) and the operational chambers as the loading changes proceeded to 
achieve the removal of the control ring and installation of the shield. 
These count-rate data are presented in Table I.A.9. After the shield was 
installed, the core configuration achieved in Loading 113 was reproduced 
in Loading 122 to determine the effect the shield installation had on the 
subcritical neutron flux as observed on the U-235 fission chambers . 

TABLE I.A.9. Neutron Counter Data Obtained during Core Depletion. Control-ring Removal, and Shield Addition for ZPPR fTR-2 

Loading 
No. 

%<: 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
122 

F 

132-22 

960 
310 
397 
894 
90.5 

118 
199 
293 
845 
186 
367 

1898 
137 
287 
154 

1021 
192 

1007 
2745 

ission Chamber 
Data icIsecP 

126-47 

1456 
472 
595 

1416 
145 
217 
322 
422 

1238 
272 
516 

2578 
188 
469 
252 

1407 
261 

1503 
1789 

137-52 

1647 
543 
685 

1520 
162 
219 
394 
570 

1600 
353 
800 

4907 
357 
713 
384 

2331 
437 

2278 
2693 

Ch. 7 (Al 

0.122 (-81 
0.430 (-91 
0.555 (-91 
0.115 (-81 
0.113 1-91 
0.161 1-91 
0.254 (-9) 
0.340 1-91 
0.950 (-91 
0.210 1-91 
0.405 (-91 
0.196 1-81 
0.149 1-91 
0.323 1-91 
0.171 (-91 
0.980 (-91 
0.185 (-91 
0.100 (-81 
0.117 (-81 

Ch. 1 

0.54 
0.68 
0.17 
0.17 
0.22 
0.31 
0.43 
0,14 
0.27 
0.50 
0.27 
0.20 
0.41 
0.15 
0.14 
0.21 
0.15 

i (Al 

(-91 
(-91 
1-81 
1-91 
1-9) 
1-91 
1-91 
1-81 
1-9) 
1-91 
1-8) 
1-9) 
1-9) 
1-9) 
(-8) 
(-9) 
(-8) 

0.175 (-81 

Operational 

BF3-I Ic/sec) 

-
-253 

556 
54.8 
72.9 

112 
147 
402 

88.0 
166 
844 
61.5 

126 
63.8 

367 
69.6 

380 
406 

Chamber Data'' 

BF3-2 (c/sec) 

-
-1796 

3764 
387 
501 
757 

1031 
2592 
578 

1070 
5069 
384 
779 
418 

2118 
404 

2127 

-

BF3-3 (c/sec) 

-
-2594 

5364 
589 
769 

1169 
1515 
4003 
934 

1751 
7774 
646 

1329 
732 

3678 
727 

3827 

-

Pico lA) 

-
-

0.361 (-10) 
0.566 (-10) 
0.912 (-10) 
0.124 (-9) 
0.343 (-9) 
0.733 (-9) 
0.157 (-9) 
0.807 (-9) 
0.600 (-10) 
0.124 (-9) 
0.669 (-10) 
0.392 (-9) 
0.739 (-10) 
0.389 (-9) 
0.458 (-9) 

^U-235 fission chambers manufactured by Westinghouse. Model 6376 located in matrix positions 132-22 (r = 87.68 cm) and 126-47 
(r = 84.14 cm). Model 6376A located in 137-52 (r = 82,79 cm). Front of chambers aligned with reactor axial midplane. Data monitored 
for time Intervals yielding < 1% counting statistics. 

''The Pico, Ch. 7, and Ch. 8 are B-10-lined ioni2ation chambers. The Pico is located in matrix position 136-55 (r = 99.52 cm I. and 
Chs. 7 and 8 and located at the corners of the halves at a radius of 161.49 cm. The front of all three chambers are aligned with 
the reactor axial midplane. Two of the BF3 chambers are located in the assembly immediately behind the axial reflector: BF3-2 in 
matrix position 137-37 and BF3-3 in 148-48. The third BF3 chamber, BF3-I, is mounted on the reactor cell wall approximately 25 ft 
from the core center. 

^kex = -0.143% Ak/k (achieved by partial removal of control rods). 

Comparison of the subcriticality of Loadings 113 and 122 
also provides a check of the system reactivity effect caused by the shield 
as determined from the critical Loadings 114 and 120. The two determina­
tions compare within 0.002% Ak/k, which is within the accuracies of the 
subcritical measurements corresponding to Loadings 113 and 122. 

The as-built compositions for the core, axial reflector, 
radial reflector, and safety and control drawers of the ZPPR FTR-2 shield 
configuration (Loading 1-120) are identical to those of the ZPPR FTR-2 
Reference Critical Configuration. The composition of the shield and depleted 
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core drawers are given in Table LA. 10, Figure I.A.6 i l lustrates the plate 
arrangement in the shield drawers . The drawer loadings in the depleted 
core zone are identical to the normal core drawers except that depleted 
uranium replaces the plutonium fuel. 

TABLE I.A.10. As-built Composition of Shield and Depleted Core Zones 
for the ZPPR FTR-2 Shield Configuration (atoms/b-cnn) 

Depleted Core Zone 

Nuclide 

U-238 
U-235 

O 
N a 
C 
F e 
N i 
C r 
Mn 
M o 

Shield Zone 

0.0059617 
0.0000264 
0.0371696 
0.0045539 
0.0102972 
0.0005741 
0.0000269 

Drawer with One^ 
l /4 - in . -co lumn U-238 

Drawer with Two^ 
l /4 - in . -co lumns U-238 

0.0078084 
0.0000164 
0,0150075 
0.0107196 
0.0021888 
0.0078562 
0.0010273 
0.0022623 
0.0001829 
0.0000161 

0.0108669 
0.0000223 
0.0154338 
0.0063408 

0.0143938 
0,0008931 
0.0019930 
0.0001635 
0.0000154 

Located in even-numbered matr ix columns. 
"Located in odd-numbered matr ix columns. 

;-
J-
J 
6 

i-
H 
N' 

0 

1 2 3 4 

' 1 ' I 
5 6 7 8 9 

1 1 1 1 1 
10 11 12 13 14 1 

1 1 1 1 1 

•• 1 •• 1 - 1 •• 1 - 1 •• 1 -
N o 1 No 1 No 

- 1 •• 1 •• 1 - 1 •* 1 •• 1 •• 

N o 1 
SJ L 

,. 1 ., 1 
No 1 

No 1 

•• 1 •• 1 " 
Na 1 

No 

1 •• 1 ..• 
No 

" 1 '• 1 •• 1 •• 1 - 1 •• 1 •• 

5 IC 17 18 19 2 0 a 
1 1 1 1 1 

1 22 

1 
23 

- 1 
No • 

.. 1 .. • -
= 

No 

.. 1 
No 

" 1 •• 1 - 1-

-

• 

(a) Front Drawer 
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1: 
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J 

N 
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-

» 

^ 

2 

- 1 
• 1 

• 1 

' 1 

3 4 

1 1 

•' 1 No 

•• 1 
No 
" •• 1 
No 

-• 1 
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1 
.. 

>. 

" 

•• 
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1 

h 
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1-
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1 
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•1 
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•1 
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1 1 t 1 1 1 
2 3 

- 1 

(b) Back Drawer 

Fig. I.A.6. Shield Drawers for ZPPR FTR-2 Shield Configuration 
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(ii) Calibrations of Control and Safety Rods. Following the in­
stallation of the shield in the FTR-2 assembly, the control and safety rods, 
positioned as shown in Fig. I.A.5, were recal ibrated using the inverse 
kinetics technique. F i r s t the neutron source constant of the system was 
determined from analysis of the power history resulting from both positive 
and negative reactivity changes due to control-rod motion. Then, from a 
stabilized power level of approximately 50 W, each rod being calibrated 
was individually driven from its most reactive position to its least reactive 
position and the neutron flux history recorded. By use of the measured 
source constant and the delayed-neutron fractions given in Table I.A.8, 
the rod worths were determined from analysis of the flux history. This 
method indicated the total worth of the 20 safety rods and of the 6 control 
rods as 2.8% Ak/k and 0.6% Ak/k, respectively. 

The reference loading for the ZPPR FTR-2 shield con­
figuration (Loading 1-120) contained a fissile nnass (Pu-239 + Pu-241-I-
U-235) of 498.073 kg. This loading included the fissile mater ia l contained 
in the fueled safety and control rods; however, two control rods (139-43 
and 239-43) were completely withdrawn from the core and another (235-39) 
withdrawn 5.748 in. Complete insertion of all the control rods would have 
yielded an excess reactivity of -1-0.215% Ak/k. 

(iii) Shield Fuel-storage Experiment. In the fuel-storage ex­
periment, core composition was substituted for shield composition in a zone 
as shown in Fig. I.A.7. The fuel-storage zone extended axially the same 
height as the core (36.08 in.) and contained 25.320 kg of fissile mass . The 
center column of drawers contained core composition identical to the one-
column plutonium-loaded core drawers of the ZPPR FTR-2 assembly (see 
Progress Report for July 1969, ANL-7595, p. 24), and the core composition 
of the outer drawers was identical to the two-column plutonium-loaded 
core drawers . 

The fuel-storage zone was achieved in three substitution 
steps as shown in Table I.A. 11. Comparison of the positions of the cali­
brated control rods necessary to achieve the same power level before and 
after the complete fuel installation indicated the effect of the stored fuel 
on the system reactivity to be £0.4 Ih. The core temperature before and 
after the fuel installation was identical (70.3°F); the position of the control 
rods differed by only 0.02 in., which corresponds to 0.1 Ih. However, 
previous measurements made during the edge-worth experiments with 
the FTR-2 assembly (see Progress Report for August 1969, ANL-7606, 
p. 26) indicated the reproducibility of the control-rod position for identical 
loadings, between half openings, at the same power level was ±0.4 Ih. For 
this reason, the effect of the stored fuel in the shield was concluded to be 
£0.4 Ih. 



21 

<L 

- < L -

Z P £ . H / . F T R - ( I fiAOIAL R E F L E C l C f t 

O U T E R B O U N D A R Y - - > 

^ ' P & . F J l J l j ; _ f l J J J _ O U N D T R Y - - - ^ , 

: : : : : : : : = : = : : = : : = : : : ^ = = = : = ^ ^ ^ z ^ 
F U E L ! r D 11 r c E - - . " ~ " T / 

i f L l l /_ I _-,t 
^^- 1 i__? 

^ : : : : : - : - : - 2 ^ - : : 
,^__ : _ _ _ : : : : : : : : : : : : : : I E : : : : : : : : : : : : : : : : : : : : : : 

: : : : : - ^ : : : : : : T ^ 

-_ _ , . 
- - - • : i - " _ i g : 

T 

5 
t - - ^^__^S 

^ _ :__E s . : : : : : : : : : : : : : : : : : i _ : 
: : : : : : : : : : : ; : : : : : : : : : : : : : : : : - ^ s - : : : : : ^ : : : : : : : : : : ^ ^ 
: : : : : " : : : v " ^ : : : : "s: 

2 -_ --^ -, -~ -. s^ S H I E L C - ^ ' ^ - O E P L E T E O Z O B E 

O U T E R B O U N D A R Y 

, 

1 
I 
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f - U-235 FISSION CHAMBER (FRONT OF CHAMBER AT REACTOR MIDPLANE. NO F's IN HALF 2) 

Fig. I.A.7. ZPPR FTR-2 Shield with Fuel-storage Configuration (Loading 1-130) 
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TABLE I.A.I 1. ZPPR FTR-2 Shield Configuration Fuel Installation in Shield* 

Loading 
No. 

127 

128 

129 

Core Material ' ' 
Substituted for 
Shield Material 

Reference 

135-13 
136-13 

135-11 
135-12 
136-11 
136-12 

Total Fiss i 
Mass Loade 

Fuel Storage 
(kg) 

0 

4.046 

10.128 

le= 
d in 
Zone Loading 

No. 

130 

Core Material^ 
Substituted for 
Shield Material 

137-11 
137-12 
137-13 
138-11 
138-12 
138-13 
139-11 
139-12 
139-13 

Total F i s s i 
Mass Loade 

Fuel Storage 
(kg) 

25.320 

le= 
d in 
Zone 

^Substitutions made in Halves 1 and 2. Only Half 1 is listed; Half 2 is a m i r r o r image of 
Half 1. The matrix positions ending in an odd number contain 2-column plutonium core 
loadings and those ending in an even number a 1-column plutonium core loading. 

^Tuel-storage zone replaced shield composition in a region ±18.036 in. about the assembly 
axial nnidplane. 

'^Pu-239 -I- PU-Z41 -I- U-235. 

P r i o r to the i n s t a l l a t i on of the fuel in the sh ie ld and af ter 

each of the t h r e e subs t i tu t ion s t e p s , n e u t r o n - f l u x da ta a t v a r i o u s d e g r e e s 

of s u b c r i t i c a l i t y (see Table I.A. 12) w e r e obta ined by m a n i p u l a t i o n of the 

con t ro l and safety r o d s . A given d e g r e e of s u b c r i t i c a l i t y was a c h i e v e d 

with the s a m e rods and rod pos i t ions on e v e r y loading. 

TABLE 1.A.12. ZPPR FTR-2 Shield Configuration Chamber Data Obtained 
during Fuel Installation in Shield^ 

Fission Chambers (c/sec)° 
Loading ' 

No. 

Operational Chambers (A) 

{% A k / k ) 

0.007 
0.110 
0.702 
1.68 
3.23 

0.110 

0.110 

0.007 
0.110 
0.702 
1.68 
3.23 

132-22 

89,871 
6,262 

991 
433 
227 

6,279 

6,239 

90,091 
6,184 

984 
436 
230 

126-47 

69,988 
4,286 

671 
289 
141 

4,285 

4,242 

70,434 
4,242 

661 
287 
140 

137-52 

64,108 
6,187 

976 
426 
217 

6,176 

6,177 

65,359 
6,168 

971 
42 3 
217 

Ch. 7 

0.430 (-7) 
0.268 (-8) 
0.452 (-9) 
0.194 (-9) 
0.980 (-10) 

0.265 (-8) 

0.270 (-8) 

0.430 (-7) 
0.267 (-8) 
0.449 (-9) 
0.196 (-9) 
0.970 (-10) 

Ch. 8 

0.572 (-7) 
0.367 (-8) 
0.570 (-9) 
0.260 (-9) 
0.150 (-9) 

0.360 (-8) 

0.360 (-8) 

0.573 (-7) 
0.367 (-8) 
0.570 (-9) 
0.263 (-9) 
0.153 (-9) 

P i c o 

0.168 (-7) 
0.108 (-8) 
0.169 (-9) 
0.753 (-10) 
0.389 (-10) 

0.108 (-8) 

0.109 (-8) 

0.171 (-7) 
0.109 (-8) 
0.170 (-9) 
0.747 (-10) 
0.386 (-10) 

127 

128 

129 

130 

Various degrees of subcriticality for each loading achieved by manipulation of the control and 
safety rods. A given degree of subcriticality was achieved with identical control- and/or 
safety-rod positions for every loading. 

^Counting statistics :^0.4%. 
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5. ZPR Materials 

a. Development of Fabrication Techniques (J. E. Ayer) 

Last Reported: ANL-7527, pp. 33-34 (Dec 1968). 

(i) ZPPR Oxide Rod Elements. Pilot-lot development and 
manufacture of oxide rod fuel elements, and gamma-scan standards for 
the ZPPR reactor have been completed. A total of 52 elements were 
made; 30 were prototype oxide rod fuel elements and 22 were gamma-
scan elements . All UOj and (U,Pu)02 pellets were encapsulated in 
Type 304L stainless steel jackets, with helium at atmospheric p ressu re . 

The UO2 and (U,Pu)02 pellets were fabricated by the Dow 
Chemical Company, Rocky Flats Division, and sent to ANL. The pellets 
were made by a cold p ress and sinter technique that produced acceptable 
pellets without center less grinding. The pellets, produced with a length-
to-diameter ratio of 1.5, had a theoretical density of about 95%. 

A loading technique was developed to protect the outside 
of the jacket tube and weld zone from plutonium contamination. A special 
end plug was designed to prevent thinning of the jacket tube wall or increase 
the outside dianneter in the welded area and to produce a finished element 
of a predetermined overall length. The elements were dimensionally 
checked. X-rayed, leak detected, and surveyed for alpha contamination on 
the external surfaces before final acceptance. 

Data from the fabrication of a small number of UO2 and 
(U,Pu)02 ( r ight -c i rcular cylindrical) pellets were used as a basis for a 
product specification governing the fabrication of fuel elements for ZPPR. 
Exact diameters of the pellets were not specified; instead, weights of 
mater ia l that could be introduced into a jacket with an inside diameter of 
0.350 in. and a nonninal length of 5.7 in. were fixed. This effectively r e ­
quired the d iameters to be between 0.340 and 0.345 in., with a theoretical 
density of at least 92%. The objective of this requirement was to perimit 
sufficient latitude for fired dimensions and densities to preclude center less 
grinding. 

In addition to writing a product specification and obtaining 
s ta t is t ical information, loading studies were conducted with part of the 
pellets produced. The loading studies were required to prove adequacy 
of design and to identify and solve any nnajor problerris associated with 
pilot-lot production of prototypic elements. At least two problems a s so ­
ciated with fuel-element assembly were anticipated. The first was the 
control of plutonium contamination on the outside of the fuel-element jacket, 
par t icular ly in the a rea of the weld. The second was maintaining minimum 
diametral tolerances between fuel and jacket and between jacket and the 
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c a l a n d r i a s that wi l l conta in the fuel e l e m e n t s du r ing the r e a c t o r p h y s i c s 

e x p e r i m e n t s . M i n i m u m gap be tween j a c k e t and p l u t o n i u m - b e a r i n g fuel 

a g g r a v a t e s the con t amina t ion p r o b l e m and loading d i f f i cu l t i e s ; l i m i t e d gap 

be tween c lad and c a l a n d r i a m e a n s that w e l d - b e a d p r o t r u s i o n m u s t be kep t 

at a m i n i m u m . 

MIMMUM Wao THICK- / 
NESS EQUAL TO OR -^ 
GREATER THAN TUBE WAa 

I d 0.001 I 

2. He MASS SPEC. LEAK TEST BY 
FEES FAB. PROC. NO. 3A 

(a) D e s i g n of t h e F u e l 

E l e m e n t . F i g u r e I . A . 8 i s a n 

a s s e m b l y d r a w i n g of t h e Z P P R 

o x i d e r o d e l e m e n t d e l i n e a t i n g 

t h e g e o m e t r i c c h a r a c t e r i s t i c s 

of t h e e l e m e n t . Of p r i m e i m ­

p o r t a n c e i s t h e s t r a i g h t n e s s 

t o l e r a n c e d e s i g n a t e d a s 0 . 0 0 2 i n . 

T h i s d i m e n s i o n l i m i t s t h e r o d 

s t r a i g h t n e s s a n d w e l d b u i l d u p t o 

a t o t a l of 0 . 0 0 2 i n . , a s s u r i n g 

a d e q u a t e c l e a r a n c e b e t w e e n t h e 

e l e m e n t a n d t h e c a l a n d r i a t u b e s . 

T h e 0 . 0 2 0 - i n . m a x i m u m g a p 

b e t w e e n f u e l a n d e n d c a p i s m a i n t a i n e d b y i n t e r p o s i n g a s p a c e r of T y p e 3 0 4 

s t a i n l e s s s t e e l b e t w e e n t h e f u e l c o l u m n a n d e n d c a p . T h e l e n g t h of t h e 

s p a c e r i s d e t e r m i n e d f o r e a c h i n d i v i d u a l e l e m e n t . T h e f u e l - e l e m e n t l e n g t h 

t o l e r a n c e of ± 0 . 0 3 0 i n . r e s u l t s f r o m t h e a l g e b r a i c a c c u m u l a t i o n of t o l e r ­

a n c e s o n t h e f u e l t u b e a n d t h e t w o e n d p l u g s , w h i c h a r e ± 0 . 0 0 5 a n d ± 0 . 0 1 0 i n . 

r e s p e c t i v e l y . T h e d e s i g n of t h e e n d p l u g s i s p r e d i c a t e d u p o n (1) c o n t r o l l e d 

l e n g t h of e l e m e n t , (2) p r o v i s i o n of a b e a r i n g s u r f a c e , a p a r t f r o m t h e w e l d 

b e a d , b e t w e e n e l e m e n t s , a n d (3) a t t a i n m e n t of a g i r t h w e l d w i t h p e n e t r a t i o n 

a t l e a s t e q u a l t o t h e t u b i n g w a l l t h i c k n e s s w i t h m i n i m u m p r o t r u s i o n b e y o n d 

t h e e l e m e n t o u t s i d e d i a m e t e r . 

Fig. I.A.8. ZPPR Oxide Rod Element 

F i g u r e I . A . 9 d e p i c t s t h e f u e l p i n . T h e f u e l f o r l o a d i n g 
s t u d i e s w a s p r o d u c e d b y t h e D o w C h e m i c a l C o m p a n y , R o c k y F l a t s D i v i s i o n , 
a s o u t p u t f r o m a p r o g r a m t h e p u r p o s e of w h i c h w a s to e v a l u a t e m a n u f a c t u r ­
i n g p r o c e s s e s f o r UO^ a n d ( U , P u ) 0 2 f u e l - r o d e l e m e n t s . 

- 316 STN. STt. SPACER 

- J L_SPACER WIDTH DETERMINED ^^Mb DIA MAX 

BY FUEL COLUMN LENGTH 

Fig. I.A.9. Fuel Pin of a ZPPR Oxide Rod Element 
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U 0 2 + , 

(ADU) 

P u 0 2 

(OXALATEl 

BALL MILLED 

(WET) 

1 
BINDER 

a 
DIE LU8RICA^^• 

1 
PREPRESS 

a 
GRANULATE 

1 
WEIGH 

a 
PRESS 

1 
SINTER 

I650»C 4 MRS 

6 % Hg - 9 4 7 . Hf 

1 
INSPECT 

a 
GAGE 

(b) P e l l e t M a n u f a c t u r e * 

(1) E x p e r i m e n t a l P r o c e d u r e . Two 
c o m p o s i t i o n s of (U,Pu)02 and five b lends of UO2 
w e r e m a d e by m e c h a n i c a l m ix ing , and f a b r i c a t e d 
a c c o r d i n g to the s c h e m a t i c in F i g . I .A.10 . 
H y p e r s t o i c h i o m e t r i c UO2 was ob ta ined f rom 
N u c l e a r F u e l S e r v i c e s t h rough ANL. P l u t o n i u m 
dioxide was m a d e at Rocky F l a t s by ca l c in ing 
oxa la t e (PuIV) at 650°C. B e c a u s e of the l a r g e 
PUO2 a g g l o m e r a t e s i ze it was ba l l m i l l e d in 
w a t e r for 24 hr in a r u b b e r - l i n e d m i l l . An 
equal weight of UO2 powder was then added and 
m i l l e d for 4 h r . Addi t ional UO2 was added to 
adjus t to the r e q u i r e d c o m p o s i t i o n and m i l l e d 
for ano the r 4 h r . After r e m o v a l of the w a t e r , 
1 wt % c a r b o w a x 4000 and 1 wt % s t e a r i c ac id 
w e r e added in a CCI4 so lu t ion . After e v a p o r a t i o n 
of the CCI4, the m i x t u r e s w e r e i s o s t a t i c a l l y 
p r e s s e d at 10,000 ps i and g r a n u l a t e d th rough a 
1 4 - m e s h s c r e e n . P o w d e r for pe l l e t s of each 
c o m p o s i t i o n was weighed to ±0.05 g and p r e s s e d 
at v a r i o u s p r e s s u r e s to e s t a b l i s h s h r i n k a g e 
c h a r a c t e r i s t i c s of the b l e n d s . The s a m e p r e s s 
and d ies w e r e u s e d for (U,Pu)02 as for U02. 
The 15 and 30 mo le % pe l l e t s w e r e p r e s s e d a t 
20,000 and 18,250 p s i , r e s p e c t i v e l y . A l eng th -
t o - d i a m e t e r r a t i o of 1.5 was used . S in t e r ing 
was a c c o m p l i s h e d . i n a s m a l l , g r a p h i t e r e s i s t a n c e 
fu rnace fi t ted with a nonporous a l u m i n a muffle 

tube to p r o t e c t the p e l l e t s f rom the c a r b o n a t m o s p h e r e . T e n - m e s h a l u m i n a 
g r a i n was u s e d for bedding the p e l l e t s . Nomina l s i n t e r i n g p a r a m e t e r s w e r e 
1650°C for 5 h r in a d r y 94% He-6% H2 a t m o s p h e r e . A l 6 - h r s i n t e r i n g s c h e d ­
ule was u s e d . As with the UO2 the s i n t e r i n g r a t e had to be held to l e s s than 
100°C/h r above 1200°C in o r d e r to m a i n t a i n good d i m e n s i o n a l c o n t r o l . 

Fig. I.A.IO 

Schematic '̂-* of Fabrication 
Used for Mixed Oxides 

The s i n t e r e d p e l l e t s w e r e v i sua l ly i n s p e c t e d for 
de fec t s and n n e a s u r e d a t the top, wa i s t , and bo t tom d i a m e t e r s with a b l ade 
m i c r o m e t e r . F i v e p e l l e t s f r o m e a c h s i n t e r i n g run w e r e r a n d o m l y s e l e c t e d 
for d e n s i t y d e t e r m i n a t i o n s . D e n s i t i e s w e r e obta ined us ing m o n o b r o m o -
b e n z e n e as the i m m e r s i o n l iquid . P l u t o n i u m c o n c e n t r a t i o n s w e r e d e t e r -
nnined by a c a l o r i m e t r i c m e t h o d . O x y g e n - t o - m e t a l r a t i o s w e r e d e t e r m i n e d 
by a s t a n d a r d o x i d a t i o n - r e d u c t i o n c y c l e . Homogene i ty was e x a m i n e d 

*For additional details see Harvey, Malcolm R., Teter, Alton R., and Leggett. Ronald L., Fabrication of 
Oxide Nuclear Fuel Pellets. RFP-1255 (March 21, 1969), pp. 23-28. ' 

**Ibid, p. 24. 
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with the u s e of an e l e c t r o n m i c r o a n a l y z e r m o n i t o r i n g Pu-M/3 and U - M a 
X - r a y l ines and s t a n d a r d X - r a y d i f f rac t ion t e c h n i q u e s . 

(2) R e s u l t s . T a b l e I .A.13 g ives the r e s u l t s on h o u r -
g l a s s i n g ( m a x i m u m d i a m e t e r - - w a i s t d i a m e t e r ) , d i s t o r t i o n (bot tom 
d i a m e t e r - - t o p d i a m e t e r ) , s h r i n k a g e , and t h e o r e t i c a l d e n s i t y for both 
(U,Pu)02 c o m p o s i t i o n s . The h o u r g l a s s i n g and d i s t o r t i o n da ta a r e v e r y 
s i m i l a r to those obta ined with p u r e UO2. It is a p p a r e n t f r o m the da ta tha t 
the dens i t i e s a r e not affected by the PUO2 c o n c e n t r a t i o n . 

TABLE LA. 13. Physical Characteristics of Fired Pellets 

R u n 
N o . 

5/1 7/68 
5 /20 /68 
5 /21 /68 
5 /22 /68 
5 /23 /68 
5 /24 /68 
5 /25 /68 
5 /27 /68 

4 / 2 3 / 6 8 
5 /6 /68 
5 /7 /68 
5 /8 /68 
5 /9 /68 
5 /10 /68 
5 /14 /68 
5 /15 /68 

6 /17 /68 
6 /18 /68 
6 /19 /68 
6 /20 /68 
6 /21 /68 
6 /22 /68 

Hourg lass in 

Data f 

Data 

Data 

(in.) 

ga Dis to r t iona 
(m.) 

rom 296 (Uo,oP"o.30)02 Pe l l e t s Fired a 

0.0026 
0.0053 
0.0038 
0.0030 
0.0031 
0.0030 
0.0023 
0.0023 

f rom 260 

0.0010 
0.0032 
0.0037 
0.0056 
0.0046 
0.0036 
0.0021 
0.0025 

from 240 

0.0049 
0.0031 
0.0024 
0.0058 
0.0052 
0.0035 

0.0007 
0,0010 
0.0009 
0.0007 
0.0007 
0.0006 
0.0005 
0.0007 

(U0.85PU0.15)02 P e l l e t s F i r e d 

0.0004 
0.0007 
0.0006 
0.0006 
0.0007 
0.0008 
0.0007 
0.0007 

(UO.BSPUQ.15)02 P e l l e t s F i r e d 

0.0006 
0.0006 
0.0004 
0.0005 
0.0007 
0.0008 

Shr inkage^ 

(%) 
t 1660'=C for 5 hr*' 

20.21 
20.29 
20.40 
20.61 
20.64 
20.54 
20.54 
20.56 

at 1660°C for 5 hr 

20.50 
20.61 
20.60 
20.50 
20.67 
20.75 
20.45 
20.77 

at I650°C for 4 hr 

20.60 
20.60 
20.70 
21.06 
21.12 
21.30 

T h e o r e t i c a l 
Dens i ty (%) 

95.51C 
93.90t: 
93.68C 
94.51C 
95.06c 
94.59c 
94.17c 
93.69c 

94.04d 
9 5 . l i d 
94.86d 
95 .4 ld 
9 6 . l i d 
95.84d 
94.42d 
95.64d 

95.226 
95.006 
94 .8 i e 
95.60e 
95 .81^ 
95.69"= 

^Averaged from all pellets in run. 
bData from Harvey, Malcolm R., Teter, Alton R., and Leggett, Ronald L., 

Fabrication of Oxide Nuclear Fuel Pellets. RFP-1255 (March 21, 1969), p. 26. 
CAverage of 5 pellets randomly selected from each run. Overall average was 

94.36%. Standard deviation was 1.00%. 
^Average of 5 pellets randomly selected from each run. Overall average was 

95.31%. Standard deviation was 0.81%. 
<= Average of 5 pellets randomly selected from each run. Overall average was 

95.34%. Standard deviation was 0.55%. 
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Oxygen-to-metal ratios were determined for a 
random sampling of both compositions and are listed in Table I.A.I 4. Each 
pellet was crushed and divided into two or three par t s , and sampled. The 
averages a re somewhat lower than were expected from the l i te ra ture , but 
the rat io can be easily adjusted by controlling the water vapor in the r e ­
ducing gas. 

TABLE I.A.14. Oxygen-to-Metal ( O / M ) Ratios of Mixed Oxides^ 

wt % Pu02 (nominal) 

15- -Sample A 

Average 

15--Sample B 

Average 

O/M 

1.965 
1.950 
1.965 
1.959 

1.921 
1.967 
1.944 

wt % Pu02 (nominal) 

30- -Sample C 

Average 

30--Sample D 

Average 

O/M 

1.943 
1.943 
1.942 
1.943 

1.960 
1.950 
1.945 
1.952 

^Data from Harvey, Malcolm R., Teter , Alton R., and 
Leggett, Ronald L., Fabrication of Oxide Nuclear Fuel Pel le ts , 
RFP-1255 (March 21, 1969), p. 26. 

Random, continuous electron-microprobe scans 
of 600 ^m were run on both compositions to determine inhomogeneity. The 
scanning rate was 10 jum/min with a beam size of approximately 1 fJ-m. No 
variations in uranium or plutonium were seen* X-ray diffraction indicated 
a high degree of solid solution. 

(c) Character izat ion of Fuel Materials . The fuel pellets 
received from Dow Chemical Company were subjected to check analyses 
by ANL. Check of chemical analyses consisted of major element, minor 
element, and isotopic content. Each pellet was examined visually for c racks , 
excessive edge chipping, and hourglassing. Pel lets that appeared acceptable 
on the basis of visual examination were weighed, passed through a 0.349-in.-
dia drop-through gauge, and checked for length. These pellets became the 
population from which fuel columns were assembled. Choice of pellets for 
a par t icular column was based upon establishing a limited range of weight-
to-length ra t ios . Each column was identified by assigning it to a specific 
tube number before loading. 

The weight-to-length ratios and standard deviations 
obtained for 12 columns each of oxide pellets containing 13 wt % Pu, 
26 wt % Pu, and depleted UOz were 15.69 ± 0.08, 15.90 ± 0.07, and 14.92 ± 
0.06 g/in., respectively. A tabulation of column lengths and weights, column 
weight-to-length ratio, and element weight for both prototypic elennents and 

... -.----^urda is shown in Tables I.A.15 and LA.16. 
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TABLE I.A.15. Prototype ZPPR Oxide Rod Fuel Elements Produced 

Rod 
Designation 

F2 
F4 
F6 
F7 

F22 

G12 
024 
G27 
G29 

031 

G33 
G34 
G35 
G36 
G39 
G43 

Pellet Column 
Length (in.) 

5.726 
5.707 
5 695 

5.703 
5.705 
5.710 
5.712 
5.706 
5.726 
5.745 

5.676 
5.670 
5.679 
5.670 

5.676 

5.708 
5.715 
5.698 
5.680 
5.672 
5.671 

Total Pellet 
Weight (gl 

13 wl » Pu 

89.98 
89.68 
89.80 
90.22 
89.73 
88.89 
89.00 
89.15 
89.84 
89.80 
89.41 
89.66 

26 wt % Pu 

89.89 
89.83 
89.77 
90.19 

90.19 

91.10 
91.36 
91.36 
90.11 
89,83 
90.89 

Weight/Length 
Ig/in.l 

15,71 
15.71 
a 7 7 
15.82 
15.76 
15.58 
15.60 
15.61 
15.73 
15.74 
15.61 
15.61 

15.85 
15.84 
15.80 
15.89 

15.89 

15.96 
a 9 8 
16.03 
15.86 
15.83 
16.02 

Element 
Weight Ig) 

102.31 
102.10 
102.16 
102.59 
102.21 
10118 
10L20 
101.45 
102,28 
102,19 
101,63 
101.79 

102.07 
101.89 
102.01 
102.55 

102.61 

103,48 
103.68 
103.88 
102.43 
102.09 
103.42 

ANL 
Batch No. 

8-8-1989 
8-8-1989 
8-8-1989 
8-8-1989 
8-8-1989 
8-8-1990 

8-8-1989 
8-8-1989 
8-8-1990 
8-8-1990 

8-8-1987 
8-8-1987 
8-8-1987 
8-8-1987 

8-8-1988 
8-8-1987 

8-8-1987 
8-8-1987 
8-8-1987 
8-8-1987 
8-8-1987 
8-8-1987 

Depleled Uranium Dioxide 

D51 5.755 86,25 1489 
053 5.755 86.22 14.98 
D54 5.755 86.26 14.98 
055 5.745 85.30 14.84 
D56 5.755 85.97 14.93 
057 5.755 86.27 14.99 
060 5.755 86.24 14.98 
062 5.746 85.23 14.83 
067 5.755 85.82 14.91 
068 5.755 86.17 14.97 
070 5.747 85.34 14.85 
071 5.746 85.29 14.84 

98,69 
9823 
98,47 
97,67 
98,21 
98,60 
98,50 
97.51 
9814 
9819 
97,72 
97.28 

6-6-686 
6-6-686 
6-6-686 
6-6-686 
6-6-686 
6-6-686 
6-6-686 
6-6-686 
6-6-686 
6-6-686 
6-6-686 
6-6-686 

TABLE I.A.16. ZPPR Oxide Rod Gamma Standards 

Nominal 
Rod Composition Pellet Column Total Pellet Weigtit/Lengtti Element ANL 

Designation (wt %l Lengtti (in.) Weigtit (g) Ig/in.) Weigtit (g) Batcti No. 

101 
102 
104 
87 
88 
89 
90 

77 
92 
93 
94 
95 
96 
98 
99 

100 

10-Pu 
16-Pu 
16-Pu 
21-Pu 
21-Pu 
28-Pu 
28-Pu 

6-235U 
7-235U 
7-235U 

14-235U 
14-235U 
21-235U 
21-235U 
37-235U 
37-235U 

5.736 
5.736 
5.737 
5.723 
5.712 
5.643 
5.646 

5.689 
5.738 
5.747 
5.738 
5.738 
5.739 
5.739 
5.738 
5.738 

89.51 
8813 
87.22 
89.71 
89.72 
89.72 
89.75 

8814 
84.08 
84.17 
82.49 
82.87 
84.81 
84.67 
85.33 
85.41 

15.60 
15.86 
15.20 
15.67 
15.70 
15.90 
1589 

15.49 
14.65 
14.64 
14.37 
14.39 
14.77 
14.73 
14.87 
14.88 

101.84 
100.47 
99.33 

101.89 
101.96 
102.51 
102.45 

100.79 
96.37 
96.08 
94.99 
95.09 
97.18 
97.17 
97.79 
97,99 

8-8-2124 
8-8-2128 
8-8-2128 
8-8-2143 
8-8-2143 
8-8-2151 
8-8-2151 

36-2-482 
8-8-2138 
8-8-2138 
8-8-2139 
8-8-2139 
8-8-2140 
8-8-2140 
8-8-2141 
8-8-2141 



29 

(d) Hardware Assembly and Inspection 

(1) Forming. The Type 304L stainless steel hardware, 
consisting of two end plugs and a tube, was machined. One end of the tube 
was expanded over a mandrel to accommodate a loading funnel that had the 
same inside diameter as the jacket tubing. Each tube was identified, the 
end plugs and tube were washed in acetone, rinsed in ethyl alcohol, and dried 
in a furnace at 100°C for 1 hr before transfer to welding. 

(2) Welding. The unexpanded end of the jacket tube 
was clamped in a split copper chill, an end cap was inserted, and the 
assembly placed in a lathe collet held in a vertical position. A second 
copper chill was placed in the recess of the end plug. This combination of 
chills was required to hold the weld bead in an upright position until solidi­
fication occurred, producing full tube wall thickness at the junction of the 
end plug and jacket tube. No increase in the outside diameter of the jacket 
tube in the weld area was permitted. Therefore, after welding, the jacket 
tubes were inspected for ovality, s traightness, and weld-bead protrusion by 
insertion into a 0.380-in.-ID drop-through gauge to the expanded portion. 
Figure LA.11 is a photomicrograph of a typical weld made against the tube 
and end plug design shown in Fig. I.A.8. 

375 OD X.0 I2 WALL 
TUBING 

END PLUG 

Finished Weld -lOX Before Welding 

Fig. I.A.11. ZPPR Oxide Rod. Weld configuration in Type 304 stainless steel. 

The bo t tom end cap weld was t e s t e d for i n t e g r i t y 
by m e a n s of h e l i u m m a s s s p e c t r o m e t e r l eak de t ec t ion . An a s s e m b l y show­
ing a l eak ind ica t ion above b a c k g r o u n d was r e j e c t e d . 

(e) F u e l - e l e m e n t Loading , A s s e m b l y , and I n s p e c t i o n . To 
p r e v e n t c o n t a m i n a t i o n in the final weld c l o s u r e , a spec i a l loading funnel was 
i n s e r t e d in the expanded p o r t i o n of the j a c k e t tube, the s m a l l l ip on the funnel 
ex t end ing into the i n s i d e d i a m e t e r of the j a c k e t tube . P l a s t i c tubing was 
s h r u n k e n o v e r th i s a s s e m b l y , t r i m m e d to length , and s e c u r e d to a load ing 
pouch by m e a n s of c o m p r e s s i v e h o s e c l a m p s . The a s s e m b l e d loading pouch 
w a s a t t a c h e d to a g lovepor t in the loading box. A c o l u m n of p e l l e t s , p r e v i ­
o u s l y we ighed and m e a s u r e d for length and d i a m e t e r , w e r e loaded into e a c h 
j a c k e t . E a c h p e l l e t was bo t tomed into the j a c k e t with a push rod . Af te r the 
l a s t p e l l e t w a s i n s e r t e d the loading pouch was s e a l e d and cut f r ee with the 
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The loaded e l e m e n t was then t r a n s f e r r e d to an annex 
box of the welding hood w h e r e the loading pouch was r e m o v e d f r o m the e l e ­
m e n t , and the exposed end of the loading funnel was c l eaned of l o o s e con ­
t a m i n a t i o n with p a p e r wipes and cot ton swabs m o i s t e n e d wi th ethyl a l c o h o l . 
The s h r i n k a b l e tubing and loading funnel w e r e r e m o v e d , and the i n s i d e of 
the fuel j a c k e t was checked for con tamina t ion and c l eaned if n e c e s s a r y . 
A m i c r o m e t e r r ead ing was taken f rom the end of the j a c k e t tube to the top 
of the f i r s t pe l l e t to d e t e r m i n e the length of the s p a c e r r e q u i r e d to give the 
0 .000- to 0 .010- in . end c a p - t o - s p a c e r c l e a r a n c e . A s p a c e r of the p r o p e r 
t h i cknes s was cut, i n s e r t e d , and checked again with a m i c r o m e t e r b e f o r e 
i n s e r t i o n of the end plug. The expanded end of the j a c k e t tube w a s r e d u c e d 
to i ts o r ig ina l d i a m e t e r with a spec ia l co l le t a r r a n g e m e n t . The top edge of 
the j a c k e t was then checked for loose con t amina t ion before the i n s e r t i o n of 
the end plug. The final end plug was tapped into pos i t ion be fo re t r a n s f e r r i n g 
the a s s e m b l y to the welding hood. The final end c l o s u r e was nnade wi th the 
s a m e welding p r o c e d u r e out l ined p r e v i o u s l y . Exploded and cu taway v iews 
of a Z P P R oxide rod e l emen t a r e shown in F i g . L A . 1 2 . 

Fig. I.A.12. Exploded and Cutaway Views of ZPPR Oxide Rod Elements 

The comple ted f u e l - e l e m e n t a s s e m b l y was checked for 
l oose and fixed con tamina t ion before checking for l e a k s wi th a h e l i u m m a s s 
s p e c t r o m e t e r . Accep tab le con tamina t ion l e v e l s w e r e <400 d p m fixed and 
<10 dpm loose alpha counts . The final end c l o s u r e was m a d e in an a t m o s ­
p h e r e that conta ined he l ium. The e l e m e n t s w e r e p l a c e d one at a t i m e in a 
f ix ture that r educed the p r e s s u r e and u s e d the e n t r a p p e d h e l i u m as the l eak 
i n d i c a t o r . As in the c a s e of l eak de tec t ion of the bo t t om end p lug , any l e a k 
indica t ion above background was c a u s e for r e j e c t i o n . All e l e m e n t s w e r e 
r a d i o g r a p h e d to check the we lds , and the p o s i t i o n s of the fuel and end s p a c e r s . 

Tab le s I .A.15 and I .A.16 a r e a r e c o r d of the 52 c o m ­
ple ted e l e m e n t s f ab r i ca ted for r e a c t o r p h y s i c s e x p e r i m e n t s and g a m m a - s c a n 
s t a n d a r d s for evaluat ing Z P P R oxide r o d s p r o d u c e d by a c o m m e r c i a l vendor 
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B . C o m p o n e n t D e v e l o p m e n t - - L M F B R * 

L I n s t r u m e n t a t i o n and C o n t r o l 

a. I n s t r u m e n t a t i o n D e v e l o p m e n t for I n s t r u m e n t e d S u b a s s e m b l y 

(i) I n s t r u m e n t e d - S u b a s s e m b l y F l o w m e t e r s (G. A. F o r s t e r ) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , p . 18 (Sept 1969). 

(a) P r o c u r e m e n t of M a r k - I l l ( S o d i u m - c a l i b r a t a b l e ) 
F l o w m e t e r s . C o n t r a c t n e g o t i a t i o n s a r e p r o c e e d i n g for four f l o w m e t e r s to 
be u s e d in the i n s t r u m e n t e d - s u b a s s e m b l y t e s t s in E B R - I I . B e c a u s e d e l i v e r y 
would not be in t i m e for the i n s t r u m e n t e d s u b a s s e m b l i e s of the i m m e d i a t e 
f u t u r e , the L a b o r a t o r y is p r e p a r i n g to f a b r i c a t e at l e a s t one M a r k - I l l 
f l o w m e t e r . 

(b) Modi f i ca t ion of C a l i b r a t i o n Loop for M a r k - I l l 
F l o w m e t e r s . Mod i f i ca t ion w o r k is about 80% c o m p l e t e . T h e r m o c o u p l e s 
h a v e b e e n i n s t a l l e d and c o n n e c t e d to r e c o r d i n g o r ind ica t ing i n s t r u m e n t s . 
The dep th p r o b e s in t he flow t ank a r e being r e p l a c e d wi th un i t s su i t ab l e for 
1200°F. T h e i r i n s u l a t o r s wi l l be supp l i ed wi th e x t r a h e a t to p r e v e n t s o d i u m 
c o n d e n s a t i o n , "which s h o r t e d p r e v i o u s p r o b e s . The f i r s t h e a t u p and flo'wtest 
i s e x p e c t e d to be a c h i e v e d in l a t e N o v e m b e r . A t e s t s e c t i o n being f a b r i c a t e d 
t o a c c o m m o d a t e a M a r k - I l l f l o w m e t e r wi l l r e p l a c e a s t r a i g h t p i e c e of pipe 
in the e x i s t i n g loop . 

b . F F T F I n s t r u m e n t a t i o n 

(i) I n - C o r e F l o w m e t e r (T . P . Mulcahey ) 

(a) T e s t s of Mode l P r o b e - t y p e E d d y - c u r r e n t F l o w s e n s o r s 
( J . B r e w e r ) 

L a s t R e p o r t e d : A N L - 7 6 0 6 , pp. 33 -38 (Aug 1969). 

S tab i l i ty and s e n s i t i v i t y t e s t s a r e being r u n in the 
CAMEL loop; m a x i m u m t e m p e r a t u r e and s o d i u m flow v e l o c i t y so far a r e 
950°F and 6.5 f t / s e c . As w a s o b s e r v e d wi th the d r o p t e s t s in s o d i u m , t h e r e 
is a s e n s i t i v i t y gap b e t w e e n 600 and 800°F; s e n s i t i v i t y d e c r e a s e d 40-50% 
above 700°F . 

I m p e d a n c e v e r s u s t e m p e r a t u r e t e s t s have been r u n a t 
8 0 - 1400°F in a f u r n a c e on a s ing le co i l s e c t i o n w h o s e co i l w a s s i m i l a r to 
e a c h of t he four co i l s on P r o b e No. 4. F r o m ~650 to 670°F t h e r e is a 40% 
d e c r e a s e in i n d u c t a n c e b e c a u s e of the C u r i e t e m p e r a t u r e of the n i c k e l 

*Sodium Technology Development is reported in Sect. I.C. 
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cladding on the w i r e . A dup l ica te t e s t m a d e wi th a f i b e r g l a s s - c o v e r e d 
c o p p e r - w i r e coil sec t ion showed no change in i nduc t ance , wh ich p r o v e d tha t 
the Inconel coil f o r m and the Type 304 s t a i n l e s s s t e e l s h e a t h c o n t r i b u t e d 
nothing to the anomaly . The fact that e <= L d 0 / d t (whe re e is induced 
vo l t age , L is coi l i nduc tance , and d 0 / d t is change in flux wi th t i m e ) exp la ins 
the s e n s i t i v i t y gap . The n i c k e l - c l a d w i r e exhib i ted s m a l l i r r e g u l a r i t i e s of 
induc tance below 650°F, which p robab ly was due to the m a g n e t i c c h a r a c t e r 
of the n icke l c ladding. 

In the C u r i e - t e m p e r a t u r e r e g i o n of a b a l a n c e d coi l 
s y s t e m , a s m a l l t e m p e r a t u r e g r a d i e n t can c a u s e a l a r g e u n b a l a n c e d s igna l . 
Obvious ly , ano the r type of w i r e m u s t be sought if the f l o w s e n s o r i s to 
o p e r a t e below 700' 'F. 

Molybdenum w i r e was c o n s i d e r e d for t h i s u s e , but it 
h a s 3.3 t i m e s the r e s i s t a n c e of copper at 20°C and has a h igh t e m p e r a t u r e 
coefficient of r e s i s t i v i t y , which would lead to m o r e p o w e r d i s s i p a t i o n in 
the co i l s and p robab ly poor s t ab i l i ty . Also , m o l y b d e n u m h a s a h ighly 
u n d e s i r a b l e oxidat ion r a t e . Gold w i r e is being c o n s i d e r e d . 

(b) T e s t s of Model P r o b e - t y p e P e r m a n e n t - m a g n e t 
F lo^vsensors (F . V e r b e r ) 

L a s t Repo r t ed : ANL-7595 , pp. 29-32 (July 1969). 

Major effort has been p laced on the T y p e - A f lov/sensor 
r e f e r r e d to in ANL-7595 . T h r e e addi t iona l l - i n . - O D s o l i d - c o n f i g u r a t i o n 
flo"wsensors have been f ab r i ca t ed and t e s t e d in the modif ied annu la r l i n e a r -
induct ion s o d i u m pump loop. The t e s t r e s u l t s show tha t , for the m a g n e t 
wid ths t e s t e d , the sens i t i v i ty of the f lowsensor (mV pe r f t / s e c ) i n c r e a s e s 
as the width W of the m a g n e t i n c r e a s e s . 

the suffix ( i . e . , A - 1 , 

T O M 

In the following d e s c r i p t i o n of the T y p e - A f l o w s e n s o r s , 
A - 3 , and A-4) i nd i ca t e s the width of m a g n e t u s e d , in 

i n c h e s . The 4 - in . m a g n e t is m a d e 
up of one 1-in.- and two 1 .5- in . -wide 
m a g n e t s o p e r a t i n g in p a r a l l e l . The 
s ize and shape of the A l n i c o - 8 m a g ­
ne t s u s e d in the T y p e - A p r o b e a r e 
shown in F ig . I . B . I . Th i s m a g n e t 
shape is n e c e s s a r y t o a l low f a b r i ­
ca t ion of the p r o b e . 

Fig. I.B.l. Flowsensor Magnets The m a g n e t s a r e i n s u l a t e d 
f r o m the Type 304 s t a i n l e s s s t e e l 

c y l i n d r i c a l housing by a th in shee t of m i c a . Al though the m i c a h a s s a t i s ­
f ac to r i ly ma in t a ined i ts phys i ca l and insu la t ing p r o p e r t i e s at >1200°F, no 
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i n f o r m a t i o n is a v a i l a b l e yet on how the m i c a wi l l be affected by the g a m m a 
f i e lds and f a s t - n e u t r o n f luxes e x p e c t e d in the F F T F r e a c t o r . 

A t t e m p t s to u s e c e r a m i c f l a m e - s p r a y i n g e q u i p m e n t 
to app ly a s u i t a b l e th in coa t ing of h i g h - p u r i t y a l u m i n a to the v e r y h a r d s u r ­
face of an A l n i c o - 8 m a g n e t have b e e n u n s u c c e s s f u l so f a r . The M e t a l ­
l i z ing Co. of A m e r i c a is a s s i s t i n g in f u r t h e r e f f o r t s . Coat ing the i n s ide 
w a l l s of the c y l i n d r i c a l hous ing of the f l o w s e n s o r m a g n e t a p p e a r s to be a 
p o s s i b l e so lu t i on to the p r o b l e m . 

F r o m the r e c o r d e r c h a r t s ob ta ined in the f l o w s e n s o r 
t e s t s , the s e n s i t i v i t y of e a c h f l o w s e n s o r w a s c a l c u l a t e d at the m a x i m u m 
flow v e l o c i t i e s u s e d in the t e s t s : 

F l o w s e n s o r s 

A - 1 A - l | A - 3 A-4 

S e n s i t i v i t y , ~mV p e r f t / s e c 0.31 0.362 0.54 0,61 

F l o w s e n s o r A - I f is F lo^vsensor A r e p o r t e d in 
A N L - 7 5 9 5 . F l o w s e n s o r A - 4 exh ib i t s a 69% l a r g e r s igna l than the F l o w ­
s e n s o r A - 1 ^ d e s i g n . F l o w s e n s o r A - 4 wi l l be modi f i ed and then wi l l be t e s t e d 
a t e l e v a t e d t e n n p e r a t u r e s in the C A M E L l o o p - - b o t h be fo re the m a g n e t i s 
t e m p e r a t u r e s t a b i l i z e d for o p e r a t i o n at 1200°F and aga in af ter t e m p e r a t u r e 
s t a b i l i z a t i o n . 

The p r e p a r a t i o n of s p e c i f i c a t i o n s for p r o c u r e m e n t of 
a s i m i l a r f l o w s e n s o r (with an A l n i c o - 8 m a g n e t ' o f g r e a t e r width for f u r t h e r 
o p t i m i z a t i o n of the s igna l ) f r o m a c o m m e r c i a l s o u r c e h a s been s t a r t e d . 

(ii) Gas D i s e n g a g e m e n t for F a i l e d - f u e l M o n i t o r i n g (E. S. Sowa) 

(a) Sod ium T e s t Loop 

L a s t R e p o r t e d : A N L - 7 5 6 1 , pp. 21-22 ( M a r c h 1969). 

The c o m p l e t i o n ol the s low-f low t e s t s in the F u e l 
F a i l u r e D e t e c t i o n Loop ( F F D L ) was fol lowed by loop shutdown to modify 
it so tha t a p r o t o t y p e of the F a i l e d E l e m e n t D e t e c t i o n and L o c a t i o n (FEDAL) 
m o d u l e can be i n s t a l l e d . 

The F E D A L m o d u l e p r o t o t y p e to be t e s t e d w a s d e s i g n e d 
to s i m u l a t e the funct ional b e h a v i o r of the m o d u l e d e s i g n r e p r e s e n t e d by 
d r a w i n g s r e c e i v e d f r o m B a t t e l l e - N o r t h w e s t L a b o r a t o r y . H o w e v e r , the 
l a b o r a t o r y p r o t o t y p e is be ing c o n s t r u c t e d as a m o d u l a r a s s e m b l y t h a t p e r ­
m i t s conven i en t d i s a s s e m b l y and v a r i a t i o n of ind iv idua l f e a t u r e s , if n e e d e d . 



The d e s i g n a l s o a l lows the r e p l a c e m e n t of the g a s - s e p a r a t i o n c a s c a d e 
a s s e m b l y w i t h m the u t i l i ty c h a m b e r so tha t d i f fe ren t c o n f i g u r a t i o n s can be 
t e s t e d and r e l a t i v e p e r f o r m a n c e eva lua t i ons can be m a d e . 

The ex is t ing e x t e r n a l g a s - c i r c u l a t i o n and f i s s i o n - g a s 
d e t e c t i o n c h a m b e r wi l l be r e t a i n e d b e c a u s e it does not a l t e r the fundamen ta l 
p e r f o r m a n c e of the m o d u l e . 

Addi t ional mod i f i ca t ions to the loop inc lude e n c l o s u r e 
of the lower po r t ion of the loop wi thin an a i r t i g h t s h e e t - m e t a l e n c l o s u r e . 
In addi t ion , the s a m p l e - h o l d e r O - r i n g w a s modi f ied by the i n c l u s i o n of an 
i n t e r n a l shou lde r along the inner p e r i p h e r y so tha t p o s i t i v e s e a t i n g wi l l be 
obta ined. The s a m p l e flange wi l l a l so be e n c l o s e d by a s m a l l s e c o n d a r y 
con ta ine r to l oca l i ze p o s s i b l e s o d i u m l e a k a g e . 

2- F u e l Handl ing , V e s s e l s and I n t e r n a l s 

a. C o r e Component T e s t Loop (CCTL) (R. A. J a r o s s ) 

L a s t R e p o r t e d : ANL-7618 , p . 19 (Sept 1969). 

(i) Loop Modif ica t ions to A c c o m m o d a t e Second F F T F 
S u b a s s e m b l y . Modi f ica t ions to the C C T L to a c c o m m o d a t e the M a r k - I I fuel 
a s s e m b l y and to i m p r o v e loop r e l i a b i l i t y a r e p r o c e e d i n g . 

On the 2- in . p u m p - b y p a s s piping, the twe lve w e l d s r e q u i r e d 
to i n s t a l l the b y p a s s be tween the p u m p - b e a r i n g overf low and the suc t i on of 
the p u m p have b e e n comple t ed , r a d i o g r a p h e d , and a c c e p t e d . A l e a k - d e t e c t i o n 
s p a r k - p l u g dev ice h a s been i n s t a l l ed on the 2- in . va lve of the p u m p b y p a s s 
loop, as have pipe p r e h e a t e r s for the b y p a s s loop and va lve , and a 0 . 0 0 4 - i n . -
th ick Type 304 s t a i n l e s s s t e e l a n t i - s t r e s s - c o r r o s i o n baffle. Twe lve t h e r m o ­
coup les have been i n s t a l l ed on the b y p a s s - l o o p piping, a s h a s the f i r s t l a y e r 
of a t w o - l a y e r 1200°F insu la t ion . A manua l l y o p e r a t e d va lve h a n d - w h e e l 
ex t ens ion h a s been i n s t a l l ed so tha t the va lve can be o p e r a t e d f r o m ou t s ide 
the C C T L e n c l o s u r e . 

F o r the 4 - in . f lowtube, a l l h e a t e r s , t h e r m o c o u p l e s , and 
a n t i - s t r e s s - c o r r o s i o n baffles have been in s t a l l ed . Ten of the twe lve w e l d s 
have been c o m p l e t e d and t h e i r r a d i o g r a p h s have b e e n a p p r o v e d ; t he two 
r e m a i n i n g we lds a r e for i n s t a l l a t ion of the Tay lo r p r e s s u r e - s e n s o r e l e m e n t . 

One of the ten we lds is being eva lua t ed u l t r a s o n i c a l l y . Th i s 
weld , which is at the m l e t - d i s c h a r g e s t r a i g h t length of the f lowtube w h e r e 
the flow changes d i r e c t i o n (90°) f r o m the pump in le t , i s s u b j e c t e d t o g r e a t e r 
s t r e s s e s than o the r we lds in the 4 - in . p u m p - t o - v e s s e l p ipe . A " p r o o f t e s t " 
9 0 ° - t o - s t r a i g h t - p i p e s ec t i on has been p r e p a r e d u s i n g we ld ing p r o c e d u r e s 
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identical to those used for CCTL. It will serve as a standard to which 
ul trasonic evaluation of the CCTL weld area can be compared. 

All shop work for modification of the CCTL test vessel 
has been completed. For component installation, the downcomer or sub­
assembly inlet and the subassembly holddown framework are being com­
pleted. The in-vessel p re s su re t ransducers for the subassembly inlet have 
been recal ibrated (at five p ressure increments at each of four temperatures) , 
installed, and their radiographs have been approved. The 36-in.-OD 
ceramic-fi l led Flexitall ic gaskets for the flange between the instrument 
spool piece and vessel have been delivered. 

The report on all metallurgical measurements , t es t s , and 
evaluations to determine the suitability of the CCTL for continued operations 
has been prepared. The report indicates that there is no significant degra­
dation of surveillance samples or pipe specimens as a result of CCTL 
service conditions to date. 

The radiographs of the original CCTL piping welds that 
were accessible during the loop modifications show that all 27 welds a re 
"all c lear . " 

After completion of radiography, the installation of the leak-
detection devices on each drain valve has been completed. 

All thermocouples, hea ters , an t i - s t r e s s -co r ros ion baffles, 
and thermal insulation also have been reinstalled. 

C. Sodium Technology 

1. Sodium Chemistry 

The basic work on sodium chemistry is directed toward the develop­
ment of a sound scientific foundation for understanding the behavior of 
sodium's common nonmetallic contaminants, for interpreting and evaluating 
existing corrosion data, and for predicting potential corrosion problems in 
sodium sys tems . 

a. Studies on Carbon Transport in Sodium-Steel Systems 
(K. Natesan, J. Y. N. Wang, and T. F. Kassner) 

Last Reported: ANL-7618, pp. 20-21 (Sept 1969). 

The thermodynamic activity and solubility of carbon in Fe -Cr -N i 
alloys have been calculated in the temperature range 500-800°C by extrapo­
lation of data at higher t empera tures in the te rnary F e - C r - C and Fe-Ni -C 
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systems. The compositional range for the alloys included that of an 18-8 
austenitic stainless steel. These results have been used with phase-
equilibria information and selected published data for the solubility of car­
bon in sodium to obtain an equilibrium relationship between the total carbon 
content of the alloys (carbon in austenite + carbon in the carbide) and carbon 
concentrations in sodium. Such a relationship for an 18-8 stainless steel is 
shown in Fig. I.C.I. The calculations show that sodium, depending on its 
carbon content and temperature in the range from 500 to 800°C, may either 
carburize or decarburize the Fe-Cr-Ni alloys at typical commercial car ­
bon levels. Figure I.C.2 shows the temperature dependence of the equili­
brium between the Fe -Cr -8 wt % Ni alloy containing 12, 15, and 1 8 w t % C r , 
carbon in sodium, and MjsC^-type carbide. As indicated in Fig. I.C.2, the 
computed carbon concentrations in sodium for incipient carbide formation 
in an 18-8 stainless steel in equilibrium with sodium below 700°C are 
significantly lower (i.e., below 1 ppm) than carbon concentrations com­
monly reported (i.e., 15-30 ppm). 
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Fig. I.C.I. A Plot of Total Carbon in Fe-18 wt̂ o 
Cr-8 wt % Ni Alloy vs Carbon Con­
centration in Sodium at Different 
Temperatures. The carbide contri­
bution to the total carbon in these 
curves is from the M^^Cg type. 

Fig. I.C.2. Temperature Dependence of Fe-Cr-
wt 'yoNi Alloy (C Saturated)-C(Na)-
Carbide Equilibrium 

The p h a s e - e q u i l i b r i a and ac t iv i ty da ta exp la in the o b s e r v e d phe­
nomenon of t r a n s f e r of ca rbon f r o m aus t en i t i c s t a i n l e s s s t e e l to s o d i u m 
when c h r o m i u m deple t ion , due to m a s s t r a n s f e r o c c u r s 
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In addition, the driving force for carbon transfer from ferri t ic 
steel to austenitic stainless steel under isothermal conditions was calcu­
lated. Carbon transfer from a Fe-2.25 wt % Cr- 1 wt % Mo-0.1 wt % C steel 
(Croloy 2^) to an 18-8 stainless steel under isothermal conditions is inevi­
table at tempera tures above 525°C. 

b. Characterizat ion of Carbon-bearing Compounds in Liquid Sodium 

(i) Characterization of Disodium Acetylide (F. A. Cafasso) 

Last Reported: ANL-7577, p. 176 (April-May 1969). 

It has been postulated* that carbon t ransport between steels 
in sodium systems involves dissolved disodium acetylide (Na2C2). Ac­
cordingly, information on the stability and solubility of Na2C2 in sodium is 
being obtained. 

(a) Stability of Na2C2. The thermal stability of solid Na2C2 
(99-5% purity) is being studied by differential thermal- thermogravimetr ic 
analysis (under 1 atm of helium pressure) and by high-temperature X-ray 
powder diffraction. The differential thermal analysis thermogram exhibited 
a revers ib le , endothermic peak at 275°C. This peak was shown by the X-ray 
study to be associated with a transit ion of the solid from tetragonal (low-
temperature) to cubic (high-temperature) symmetry. No other significant 
features appeared in the thermogram up to about 700°C, "whereupon vapori­
zation and consequent loss of sodium became significant. 

(b) Stability of Na2C2 in Sodium. The stability of Na2C2 
in the presence of sodium is being studied. Copper capsules were loaded 
with about 4 g of sodium per gram of Na2C2 and were welded closed in an 
iner t -a tmosphere box. The capsules were heated to selected temperatures 
for selected periods of t ime, and then cooled and opened. The entire con­
tents of the capsules were dissolved in water, and the off-gases thus gener­
ated were analyzedfor acetylene by gas chromatography. Pre l iminary 
resul ts indicate that after about 65 hr of heating, the acetylide was 44% 
decomposed at 400°C and >95% decomposed at 630°C. Additional experi­
ments of this kind are now in progress . 

(c) So lub i l i ty of Na2C2 in Sodium. An a t t e m p t i s be ing m a d e 
to m e a s u r e the so lub i l i t y of Na2C2 in l iquid s o d i u m ove r the t e m p e r a t u r e 
r a n g e in wh ich it i s s t a b l e . The m e t h o d invo lves e q u i l i b r a t i n g r e a c t o r -
g r a d e s o d i u m wi th e x c e s s Na2C2 at a p r e s e l e c t e d t e m p e r a t u r e , w i t h d r a w i n g 
a s a m p l e of the m e l t t h r o u g h a c o p p e r or t a n t a l u m f i l t e r into e i t h e r a c o p p e r 

Luner. C , Feder, H. M., and Cafasso, F. A., "Carbon Transport in Liquid Sodium," in Proceedings of the Inter­
national Conference on Sodium Technology and Large Fast Reactor Design, ANL-7520, Part I, p. 455 (1968). 
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or t a n t a l u m p ipe t t e , d i s so lv ing the s a m p l e in w a t e r , and a s s a y i n g the r e ­
sul t ing off -gas for a c e t y l e n e by gas c h r o m a t o g r a p h y . P r e l i m i n a r y r e s u l t s 
i nd i ca t e tha t the ace ty l ide (Cj) content in s o d i u m r a n g e s f ron i <1 p p m n e a r 
the m e l t i n g point of s o d i u m at 98°C to about 25 p p m n e a r 380°C. 

2. Sod ium Ana ly t i ca l Deve lopmen t 

Not p r e v i o u s l y r e p o r t e d . 

A s o d i u m ana ly t i ca l g roup has been o r g a n i z e d at A N L - I U i n o i s wi th 
the r e s p o n s i b i l i t y of cer t i fy ing s t a n d a r d m e t h o d s of s o d i u m a n a l y s i s for a l l 
l a b o r a t o r i e s p e r f o r m i n g A E C - s p o n s o r e d s o d i u m t echno logy p r o g r a m s . 

a. D e v e l o p m e n t of R e f e r e n c e Ana ly t i ca l M e t h o d s of Oxygen, C a r -
bon, and N i t r o g e n (R. J . M e y e r ) 

P r i o r to ce r t i f i c a t i on , a me thod wi l l be eva lua t ed wi th r e g a r d 
to such c r i t e r i a for s o d i u m a n a l y s i s a s a c c u r a c y , spec i f i c i ty , use fu l r a n g e , 
and s e n s i t i v i t y . To da t e , eva lua t ions of c h e m i c a l a n a l y s e s for i n t e r s t i t i a l 
i m p u r i t i e s in s o d i u m at the p a r t s - p e r - m i l l i o n l eve l have b e e n b a s e d on the 
d e g r e e of p r e c i s i o n a t t a i n a b l e , b e c a u s e s t a n d a r d s a m p l e s a r e not ava i l ab l e 
and no me thod is g e n e r a l l y r e c o g n i z e d as a r e f e r e n c e m e t h o d . R e f e r e n c e 
m e t h o d s having s e n s i t i v i t e s of the o r d e r of 100 + 10 ppb a r e n e e d e d wi th ­
in the L M F B R p r o g r a m to cer t i fy the qua l i ty of o the r m e t h o d s of s a m p l i n g 
and a n a l y s i s ( including on - l i ne p u r i t y m o n i t o r s ) and to a id in e s t a b l i s h i n g 
a c c e p t a n c e s t a n d a r d s for r e a c t o r - g r a d e sod ium. Such r e f e r e n c e a n a l y s e s 
would not be done on a rou t ine b a s i s , nor by nonsk i l l ed o p e r a t o r s . 

Ac t iva t ion a n a l y s i s as a r e f e r e n c e me thod h a s the follo"wing 
po ten t i a l a d v a n t a g e s : (1) high s ens i t i v i t y and spec i f i c i t y , (2) f r e e d o m f r o m 
the di f f icul t ies c a u s e d by outs ide c o n t a m i n a t i o n once the a c t i v a t i o n s t e p is 
comple t ed , and (3) independence of the c h e m i c a l f o r m of the a c t i v a t e d e l e ­
m e n t . The in i t i a l effort on deve lopmen t of r e f e r e n c e m e t h o d s is be ing 
d i r e c t e d toward the s e l e c t i o n of an ac t i va t ion t e chn ique su i t ab l e for oxygen 
in sod ium. 

(i) Ana lys i s for To ta l Oxygen in Sodium. The a c c u r a c y 
and s e n s i t i v i t y a t t a inab le by ac t iva t ing oxygen in s o d i u m depends 
s t rong ly on w h e t h e r n e u t r o n ac t iva t ion , h i g h - e n e r g y g a m m a a c t i v a t i o n 
(by b r e m s s t r a h l u n g r ad i a t i on ) , or c h a r g e d - p a r t i c l e a c t i v a t i o n is 
employed . T h e r m a l - n e u t r o n ac t iva t ion , a l though by fa r the s i m p l e s t 
e x p e r i m e n t a l t echnn ique , is e n t i r e l y i n a p p r o p r i a t e s i nce c a p t u r e c r o s s 
s e c t i o n s a r e s m a l l for l ight e l e m e n t s . * I r r a d i a t i o n by fas t n e u t r o n s 

*Stehn, J. R., Goldberg, M. D., Mogarno, B. A., and Wiener-Chasman, R., Neutron Cross Sections, BNL-325, 
Vol. I, Suppl. 2 (1964). 



39 

or h i g h - e n e r g y g a m m a r a y s c a u s e s a c t i v a t i o n of the s o d i u m itself, so tha t 
f a s t c h e m i s t r y to s e p a r a t e the 2-nnin ' ^ O a c t i v i t y i s n e c e s s a r y * Reduc t ion 
of t he b r e m s s t r a h l u n g e n e r g y to d i m i n i s h the a c t i v i t i e s of s o d i u m and o the r 
i n t e r f e r i n g s u b s t a n c e s * * r e s u l t s in l o s s of s e n s i t i v i t y for oxygen ac t i va t i on . 
T h e s e r e s t r i c t i o n s l i m i t the s e n s i t i v i t y of the f a s t - n e u t r o n and g a m m a -
a c t i v a t i o n m e t h o d s to about 5 p p m oxygen in s o d i u m , and l i t t l e hope e x i s t s 
for ex t end ing t h e m m u c h below th i s c o n c e n t r a t i o n . 

Ac t i va t i on wi th p r o t o n , d e u t e r o n , h e l i u m - 3 , or h e l i u m - 4 
b e a m s h a s b e c o m e an i m p o r t a n t , g e n e r a l too l for a s s a y i n g c a r b o n , n i t r o ­
gen , and oxygen in the ppb r a n g e , d e s p i t e the d i s a d v a n t a g e s of s h o r t -
d i s t a n c e p e n e t r a t i o n and c o n s i d e r a b l e h e a t g e n e r a t i o n in the t a r g e t . The 
f i r s t d i s a d v a n t a g e l e a d s to s u r f a c e a c t i v a t i o n r a t h e r than vo lume ac t iva t ion ; 
the s e c o n d c a u s e s s e r i o u s p r o b l e m s wi th s a m p l e v a p o r i z a t i o n u n l e s s the 
u s a b l e b e a m in t ens i t y is s e v e r e l y c u r t a i l e d . B e c a u s e s o d i u m is r e a d i l y 
l iquef ied and h a s good h e a t - t r a n s f e r p r o p e r t i e s a s a l iquid, both d i s a d v a n ­
t a g e s can be c i r c u m v e n t e d . By l iquefying the s o d i u m and s t i r r i n g it in a 
t h i n - w i n d o w e d ce l l , the e n t i r e s a m p l e can be a c t i v a t e d . The s t i r r i n g p r e ­
v e n t s l o c a l i z e d h e a t i n g and h e n c e d i m i n i s h e s v a p o r i z a t i o n of s o d i u m . A c ­
c o r d i n g l y , a c t i v a t i o n of m o l t e n , w e l l - s t i r r e d s o d i u m wi l l be i n v e s t i g a t e d 
a s a m e t h o d for d e t e r m i n i n g oxygen con ten t . 

P r o t o n a c t i v a t i o n , n a m e l y , the (p,n) r e a c t i o n on '^O tha t 
l e a d s to p o s . t r o n - e m i t t i n g F , h a s been c h o s e n b e c a u s e it h a s a s e n s i t i v i t y 
of about 10"^ p p m for ' * 0 and, c o n s e q u e n t l y , about 10" p p m for t o t a l oxy­
gen. M o r e o v e r , un l ike o t h e r c h a r g e d p a r t i c l e s , l o w - e n e r g y p r o t o n s wi l l 
not a p p r e c i a b l y a c t i v a t e the s o d i u m . If any i n t e r f e r i n g a c t i v i t i e s should 
a r i s e f r o m i m p u r i t i e s ( e .g . , c a l c i u m ) in the s o d i u m , the s o u g h t - a f t e r 
1 1 0 - m i n '*F ac t i v i t y i s suf f ic ient ly l o n g - l i v e d t o p e r m i t s e p a r a t i o n c h e m i s ­
t r y to be p e r f o r m e d . I r r a d i a t i o n c e l l s a r e being d e s i g n e d tha t wi l l a l low 
100-g s a m p l e s of l iquid s o d i u m to be s t i r r e d wh i l e being b o m b a r d e d wi th 
the e x t e r n a l 15-/JA p r o t o n b e a m (11.5 MeV) of the ANL c y c l o t r o n . If 
p r e l i m i n a r y e x p e r i m e n t s p r o v e e n c o u r a g i n g , t e c h n i q u e s wi l l be d e v i s e d to 
p e r f e c t and s t a n d a r d i z e th i s a n a l y s i s for u s e a s a r e f e r e n c e m e t h o d . 

3 . O n - l i n e M o n i t o r s 

a. E v a l u a t i o n and I m p r o v e m e n t of the H y d r o g e n - A c t i v i t y M e t e r 
(J . H o l m e s ) 

Not p r e v i o u s l y r e p o r t e d . 

ANL h a s r e c e n t l y u n d e r t a k e n the r e s p o n s i b i l i t y for deve lop ing 
a h y d r o g e n m e t e r for l iquid s o d i u m s y s t e m s . H y d r o g e n m e t e r s have t h r e e 

*Lutz. G. J.. The Determination of Oxygen in Sodium by Photon Activation Analysis, presented at the 15Bth 
National ACS Meeting. New 1'ork, N. Y. (Sept 1969). 

**Engelmann, C . and Louillet, M., Bull. Soc. Chim. Fr._2. 680 (1968). 
Proceedings of the 2nd Conference on Practical Aspects of Activation Analysis with Charged Particles. 
ĉ ID_̂ aQ.<; H.P-f Fhert. H. G. (Ed.) (1968). 

Rev. Phys. Appl. £. 365 (1968). 
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i m p o r t a n t app l i c a t i ons in the L M F B R p r o g r a m : (1) to d e t e c t a s qu ick ly a s 
p o s s i b l e w a t e r l e aks in s t e a m g e n e r a t o r s , (2) to s e r v e a s o n - l i n e m o n i t o r s 
for h y d r o g e n i m p u r i t i e s in p r i m a r y and s e c o n d a r y s o d i u m s y s t e m s , and 
(3) as d e t e c t o r s in r e s e a r c h and d e v e l o p m e n t p r o g r a m s on b a s i c s o d i u m 
c h e m i s t r y and on cold t r a p p i n g , g e t t e r i n g , and o the r m e t h o d s of s o d i u m p u r i ­
f ica t ion . The ANL s tud ies of the h y d r o g e n m e t e r wi l l be d i r e c t e d to a l l 
t h r e e a p p l i c a t i o n s , but the in i t i a l e m p h a s i s wi l l be on i t s u s e a s a l eak 
d e t e c t o r for s o d i u m - s t e a m hea t e x c h a n g e r s . 

A r e v i e w of the s t a t e of the a r t h a s i n d i c a t e d t h a t the combina t ion 
of a m e t a l diffusion m e m b r a n e (nickel or i ron) and a h i g h - v a c u u m s y s t e m 
wi th a m a s s - s p e c t r o m e t e r d e t e c t o r is the m o s t p r o m i s i n g f o r m of h y d r o g e n 
m e t e r for l eak de t ec t i on . In an a l t e r n a t i v e and p o s s i b l y s i m p l i f i e d v e r s i o n , 
an i o n - p u m p would be u s e d as the d e t e c t o r , wi th the c u r r e n t be ing m o n i t o r e d 
as an ind ica t ion of the hyd rogen flux. E i t h e r d e t e c t i o n s y s t e m should give 
quan t i t a t i ve r e s u l t s if c a l i b r a t e d and should be s a t i s f a c t o r y for de t ec t i ng 
w a t e r or s teana l e a k s into sod ium. P r e l i m i n a r y c a l c u l a t i o n s i n d i c a t e tha t 
a de t ec t i on s y s t e m employing a 10 -mi l n i c k e l m e m b r a n e wi l l r e s p o n d wi thin 
about 10 sec to a s t e p change in the h y d r o g e n c o n c e n t r a t i o n at 500 C. Equ ip ­
m e n t for a m e t a l m e m b r a n e / h i g h - v a c u u m s y s t e m is be ing p u r c h a s e d and 
f a b r i c a t e d , and wi l l be t e s t e d on the Sod ium A n a l y t i c a l Loop (SAL). 

4. F i s s i o n P r o d u c t Behav io r and Con t ro l 

a. L o w - l e v e l I r r a d i a t i o n T e s t s (W. E. M i l l e r ) 

Not p r e v i o u s l y r e p o r t e d . 

Work on defining the p r o b l e m s a s s o c i a t e d wi th t r a n s p o r t and 
depos i t i on of f i s s ion p r o d u c t s in flo^ving s o d i u m s y s t e m s is u n d e r way. 
P r e l i m i n a r y r e s u l t s of th i s cont inuing s tudy ind ica te t he i m p o r t a n c e of 
i nves t iga t ing the behav io r of s h o r t - l i v e d f i s s i on p r o d u c t s . The d e s i g n and 
c o n s t r u c t i o n of s n a a l l - s i z e d equ ipmen t (holding 1-2 gal sod ium) is be ing 
c o n s i d e r e d . 

G a m m a s p e c t r o s c o p y would be u s e d in the iden t i f i ca t ion of key 
i s o t o p e s . Since the p r e s e n c e of ^^Na and ^*Na f r o m the i r r a d i a t i o n of sod ium 
would fu r the r c o m p l i c a t e the a l r e a d y c o m p l e x g a m m a s p e c t r a of m i x e d 
f i s s ion p r o d u c t s , fuel t a r g e t s wi l l be i r r a d i a t e d whi le s e p a r a t e d f r o m the 
s o d i u m and then quickly i n s e r t e d into the flowing s o d i u m . The i r r a d i a t i o n 
s o u r c e ( r e a c t o r or n e u t r o n g e n e r a t o r ) h a s not b e e n c h o s e n ye t . 

The t a r g e t - t r a n s p o r t m e c h a n i s m , t a r g e t - c h a n g e m e c h a n i s m s , 
gas s y s t e m , f i s s ion gas t r a p s , and s o d i u m f i l l - s u p p l y s y s t e m would a l l be 
p e r m a n e n t i n s t a l l a t i o n s . R e p l a c e m e n t of the tubing t h r o u g h which the 
sodiuna flows is n e c e s s a r y to avoid having the r e s i d u e s f r o m one e x p e r i ­
m e n t i n t e r f e r e wi th the next . T h i s p o r t i o n of the e q u i p m e n t wi l l be 
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disconnected from the irradiation tube by means of a freeze seal and then 
t ransported to a shielded cask for eventual disposal. Removal and replace­
ment would be done with a minimum of remote operation. 

b. Development of a Continuous Radioactive Contaminant Removal 
Process (H. M. Feder and F. A. Cafasso) 

Not previously reported. 

This investigation seeks methods for the continuous purification 
of the coolant sodium in a fast breeder reactor system. Harmful impurities 
may be introduced into the coolant from the atmosphere, from structural 
mater ia l s , or from fuel elements. Major emphasis has previously been 
placed on res t r ic t ing the sources of contamination or on the removal of con­
taminants by hot or cold trapping. These approaches place severe l imi­
tations on the design and operation of the reactor; in addition, the removal 
procedures that have been developed are cumbersome and ineffective for 
certain impuri t ies . 

The removal of a wide spectrum of contaminants from sodium 
into a discardable waste s t r eam is being sought. One possible method of 
accomplishnnent may be a semibatch solvent-extraction system installed 
in a bypass loop and operated at a temperature of ~150°C. The extracting 
phase must necessar i ly have extremely small miscibility with and reactivity 
to"ward sodium. 

A l i tera ture search has been conducted to ascertain, by elimi­
nation, whether or not mater ia ls having the desired properties do exist. 
This process has led to the selection of several c lasses of high-boiling 
organic compounds expected on theoretical grounds to have the necessary 
very low reactivity toward hot sodium. Prel iminary tes ts of representat ive 
compounds from each class for long-term inertness toward sodium at 
150°C will be conducted. Appropriate equipment for these tes ts has been 
designed and ordered and will be assembled shortly. 

5. Cover-gas Monitoring 

a. Nature and Control of Sodium Aerosol Formation (W. E. Miller) 

Not previously reported. 

The objective of this work is to a s sess the magnitude of for­
mation of sodium aerosol at proposed LMFBR conditions. Proposed 
LMFBR sodium tempera tures during normal reactor operation range from 
800 to 1200°F. The corresponding range of sodium vapor p ressure is 
0.73 to 52 Tor r . In the pool-containment approach (used at EBR-II and 
proposed for LMFBRs), the cover gas is exposed to the full range of 
sodium tempera tu res . 
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The f r ac t ion of s o d i u m v a p o r c o n d e n s e d to a e r o s o l on cool ing 
the s o d i u m v a p o r - c a r r i e r gas m i x t u r e wi l l depend on the r a t i o of t h e r m a l 
diffusivi ty to m a s s diffusivi ty in the m i x t u r e . High m a s s di f fus ivi ty w i l l 
t end to p r o m o t e d i r e c t condensa t i on on the c o o l e r s u r f a c e s above the s o d i u m 
pool , w h e r e a s a low m a s s diffusivi ty wi l l tend to p r o m o t e a e r o s o l f o r m a t i o n 
wi th in the cool g a s - b o u n d a r y l a y e r s . H o w e v e r , no e x p e r i m e n t a l da t a on the 
diffusivi ty of s o d i u m vapo r h a s been found. F o r n o n p o l a r s i m p l e g a s e s , dif-
fus iv i t i e s m a y be e s t i m a t e d f r o m v i s c o s i t i e s ; c o r r e l a t i o n s for m a k i n g such 
e s t i m a t e s for s o d i u m a r e being e x a m i n e d . 

The f i r s t e x p e r i m e n t s wi l l be done in an i n e r t - a t m o s p h e r e g love-
box. Sodium wi l l be hea t ed in a long tube cooled at one end, and an a t t e m p t 
wi l l be m a d e to view a e r o s o l f o r m a t i o n t h r o u g h a P y r e x window in the t u b e . 
The gas p h a s e wi l l be s a m p l e d and ana lyzed to d e t e r m i n e t he m a s s c o n c e n ­
t r a t i o n of s o d i u m a e r o s o l . 

6. M a t e r i a l s Compa t ib i l i t y 

a. Cand idacy of V a n a d i u m - b a s e Al loys for Cladding L M F B R 
F u e l s (T. F . K a s s n e r , K. N a t e s a n , and C. A. Youngdahl) 

The objec t ive of t h i s p r o g r a m is to d e v e l o p enough u n d e r s t a n d i n g 
and i n f o r m a t i o n so tha t a f i r s t a s s e s s m e n t of the a d e q u a c y of v a n a d i u m a l ­
loys as fuel c ladding for L M F B R can be m a d e . 

(i) R o t a t i n g - d i s k C o r r o s i o n S tudies 

Not p r e v i o u s l y r e p o r t e d . 

The c o r r o s i o n of v a n a d i u m in l iquid s o d i u m is being i n v e s ­
t i ga t ed u n d e r the we l l -de f ined h y d r o d y n a m i c condi t ions p r o d u c e d by the 
r o t a t i n g - d i s k s a m p l e g e o m e t r y . Data w e r e ob ta ined by r e m o v i n g the d i sk 
s a m p l e f r o m the s o d i u m at s e v e r a l t i m e i n t e r v a l s and d e t e r m i n i n g the 
weight and d i m e n s i o n a l c h a n g e s . F o r a n u m b e r of r o t a t i o n a l s p e e d s , the 
amoun t of m e t a l l o s t at 600°C v a r i e d d i r e c t l y wi th t i m e . The l i n e a r t i m e 
law had a l s o been followed dur ing e a r l i e r 8 0 - d a y e x p o s u r e s of v a n a d i u m 
and v a n a d i u m - b a s e a l loys in loop e x p e r i m e n t s * u n d e r cond i t i ons of t e m ­
p e r a t u r e and oxygen c o n c e n t r a t i o n in s o d i u m w h e r e we igh t l o s s e s w e r e 
o b s e r v e d . 

The effect of ve loc i ty on the c o r r o s i o n r a t e at 600°C and 
16 p p m oxygen m s o d i u m is shown in F ig . I . C . 3 . The r e g i o n of l a m i n a r 
flow ( i . e . . Re = I x 10^ to 1 X 10^) in t h e s e e x p e r i m e n t s c o r r e s p o n d s to a 
r a n g e of r o t a t i o n a l s p e e d s be tween 5 and 500 r p m . The d e p e n d e n c e of the 
c o r r o s i o n r a t e on the h a l f - p o w e r of the r o t a t i o n a l speed at the h i g h e r 

E., The Corrosion of Vanadium and Vanadium-Base Alloys in Liquid Sodium. ANL-7505(May 1969). 
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v e l o c i t i e s is i nd ica t ive of a l iquid-
d i f f u s i o n - c o n t r o l l e d c o r r o s i o n p r o c ­
e s s . E i t h e r oxygen diffusion to the 
m e t a l s u r f a c e or t he diffusion of 
c o r r o s i o n p roduc t away f r o m the d isk 
is l imi t ing the r e a c t i o n r a t e . E x p e r i ­
m e n t s a r e in p r o g r e s s t o d e t e r m i n e 
the effect of oxygen c o n c e n t r a t i o n in 
s o d i u m on the c o r r o s i o n r a t e at a 
ve loc i t y of 250 r p m . F r o m t h e s e da ta 
it can be e s t a b l i s h e d which of t h e s e 
p r o c e s s e s is r a t e - l i m i t i n g . 

Fig. I.C.3. The Effect of Disk Velocityon the Linear 
Corrosion Rate of Vanadium in Sodium 
Containing 16 ppm Oxygen at 600°C 

In the r o t a t i n g - d i s k c o r r o s i o n 
e x p e r i m e n t s , the oxygen concen­
t r a t i o n s in s o d i u m a r e d e t e r m i n e d by 

the v a c u u m d i s t i l l a t i o n m e t h o d . T h e s e da t a a r e c o r r e l a t e d with oxygen con­
c e n t r a t i o n s f r o m so lub i l i ty d a t a * at the c o l d - t r a p t e m p e r a t u r e and emf 
v a l u e s ob ta ined f r o m United N u c l e a r C o r p . oxygen m e t e r s . An e l e c t r o d e 
a s s e m b l y tha t fa i led a f te r one y e a r in s o d i u m at 337°C was r e p l a c e d r e c e n t l y 
and is o p e r a t i n g s a t i s f a c t o r i l y . The o the r e l e c t r o d e a s s e m b l y tha t h a s been 
in o p e r a t i o n for ove r 18 m o n t h s deve loped a s e n s i t i v i t y to changes in a m b i ­
ent t e m p e r a t u r e . T h e r m o s t a t s have been i n s t a l l ed on both e l e c t r o d e a s ­
s e m b l i e s to m i n i m i z e the p r o b l e m . 

(ii) The Effect of C a l c i u m on the Solubi l i ty and Act iv i ty 
of Oxygen in Sod ium 

L a s t R e p o r t e d : A N L - 7 6 0 6 , pp,. 31-33 (Aug 1969). 

The addi t ion of c a l c i u m to s o d i u m is known to d e c r e a s e the 
ac t i v i t y of d i s s o l v e d oxygen to v e r y low v a l u e s . F r o m th i s d e c r e a s e it can 
be p r e d i c t e d t h a t v a n a d i u m a l loys in con tac t wi th such s o d i u m wi l l con ta in 
l e s s oxygen. If the c a l c i u m c o n c e n t r a t i o n r e q u i r e d to l imi t oxygen con ten t 
of v a n a d i u m a l loys to an a c c e p t a b l e l eve l is low enough so that s t r u c t u r a l 
c o m p o n e n t s a r e not a d v e r s e l y affected, the t e c h n i c a l f eas ib i l i t y of us ing 
v a n a d i u m a l loys wi l l be g r e a t l y i m p r o v e d . 

S tud ie s of the effect of c a l c i u m on the ac t iv i ty of oxygen in 
so lu t ion in s o d i u m at 350''C a r e in p r o g r e s s , us ing United N u c l e a r C o r p . 
oxygen m e t e r s . In one s e r i e s of m e a s u r e m e n t s , i n c r e m e n t a l c a l c i u m ad­
d i t ions to s o d i u m w e r e m a d e . Fo l lowing each addi t ion the oxygen ce l l w a s 
a l lowed t o r e a c h a s t e a d y v a l u e , s a m p l e s w e r e d i s t i l l e d , and the r e s i d u e s 
w e r e a n a l y z e d for s o d i u m and c a l c i u m . Typ ica l ly , s e v e r a l h o u r s w e r e 
r e q u i r e d for c e l l vo l t age s t a b i l i z a t i o n . The r e s u l t s a r e given in Tab le I . C . I . As 
the to ta l c a l c i u m was i n c r e a s e d , c o n s i s t e n t r e d u c t i o n of oxygen ac t iv i ty was ind i ­
c a t e d by the oxygen c e l l . The r e s u l t s of c h e m i c a l a n a l y s i s a r e i n c o m p l e t e . 

*Kassner. T. F.. and Smith. D. L.. ANL-7335 (Sept 1967). 
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T A B L E I . C . I . Effect of C a l c i u m on Oxygen 
Ac t iv i ty in Sod ium at 350°C 

To ta l Ca 
Added (ppm) 

0 

25 

43 

P o t e n t i a l 
(V) 

1.155 

1.172 

1.316^ 

Oxygen Cel l 

C a l c u l a t e d O 
Ac t iv i ty (ppm) 

8.2 

3.5 

0.05 

^A s teady po ten t i a l could not be m a i n t a i n e d . 

E x p e r i m e n t s at 350°C with a h ighe r in i t i a l oxygen c o n c e n ­
t r a t i o n (about 15 ppm) in s o d i u m a r e in p r o g r e s s . 

b . A n a l y s i s of N o n m e t a l l i c I m p u r i t i e s in Sod ium by E q u i l i b r a t i o n 
of R e f r a c t o r y - m e t a l W i r e s (D. L. Smi th and R. H. Lee) 

L a s t R e p o r t e d : ANL-7577 , pp. 153-155 ( A p r i l - M a y 1969). 

The equ i l i b r a t i on t echn ique "with v a n a d i u m , n i o b i u m , and t a n t a ­
l u m w i r e s h a s been u s e d to m e a s u r e the oxygen c o n c e n t r a t i o n in E B R - I I 
p r i m a r y sod ium. The w i r e s w e r e exposed in pos i t ion 4C3 of the c o r e for 
517 h r wi th the r e a c t o r ope ra t i ng at the 50 MW power l e v e l . The s o d i u m 
t e m p e r a t u r e a t the e x p o s u r e pos i t ion was e s t i m a t e d to be 477°C. 

Appa ren t l y , the v a n a d i u m w i r e had c o r r o d e d c o m p l e t e l y s ince 
it was not found when the capsu le was opened. Th i s i n d i c a t e s tha t the oxy­
gen c o n c e n t r a t i o n of the r e a c t o r coolant was above tha t (<0 .1 ppm) r e q u i r e d 
to oxidize v a n a d i u m to v a n a d i u m oxide. Th i s r e s u l t is not u n e x p e c t e d as 
the so lub i l i ty of oxygen in s o d i u m at the c o l d - t r a p t e m p e r a t u r e of ~121°C 
is 0.68 p p m . * 

The t a n t a l u m w i r e w a s h ighly r a d i o a c t i v e a f te r e x p o s u r e , and 
only qua l i t a t ive a n a l y s e s w e r e p e r f o r m e d . The w i r e w a s duc t i l e and did 
not a p p e a r to have los t s igni f icant weight . 

The n iob ium w i r e w a s r e c o v e r e d and a n a l y z e d f i r s t by in ­
t e r n a l f r i c t ion and then by v a c u u m fusion for oxygen, n i t r o g e n , and 
hydrogen . The i n t e r n a l - f r i c t i o n m e a s u r e m e n t s i n d i c a t e d an oxygen con­
c e n t r a t i o n g r e a t e r than 0.5 p p m oxygen in sod ium. T h i s i s the m a x i m u m 
c o n c e n t r a t i o n tha t can be d e t e r m i n e d by e q u i l i b r a t i n g n i o b i u m w i r e s at 
t h i s low e x p o s u r e t e m p e r a t u r e . The v a c u u m fusion r e s u l t s a r e i n c o m p l e t e . 

Ibid., see previous page. 
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A second ser ies of wires (V, Nb, V- 10 wt % Cr, and V-20 wt % 
Cr) have been placed in EBR-II prior to the run at 62 MW. The increase 
in exposure tempera ture resulting from the higher power level and the 
decrease in the exposure time should provide more quantitative resul t s . 

D. Systems and Plant Development 

1. Plant and Design 

a. Contract Management, Technical Review, and Evaluation 
(L. W. F r o m m and K. A. Hub) 

Last Reported: ANL-7618, p. 23 (Sept 1969). 

(i) Evaluation of 1000-MWe Follow-on Study Task Reports . 
The ANL evaluation of the Westinghouse Task-I report has been t r ans ­
mitted to Westinghouse for comment. This evaluation will be included in 
the final ANL quarterly evaluation report that is being prepared. 

The evaluation of the Task-II, -III, and -IV reports of all 
contractors is proceeding on schedule. Approximately 30% of the evaluation 
has been drafted. A draft of the evaluation report should be completed by 
January 16, 1970. 
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E. EBR-l I - -Research and Development 

1. New Subassemblies and Experimental Support (E. Hutter) 

a. Experimental Irradiation Subassemblies (O. Seim) 

Last Reported: ANL-7618, pp. 24-29 (Sept 1969). 

(i) Mark-L6l Irradiation Subassembly (O. Seim and W. Ware) 

The prel iminary design of a new subassembly for in-pile 
creep studies has been started. This subassembly will have the same 
external dimensions and configuration as previous subassemblies. 
Internally, however, a unique structural arrangement is necessary to pro­
vide the proper environmental conditions for the experiment. 

The experiment "will comprise an a r ray of 61 sealed and 
pressur ized tubes. Each tube will be 40 in. long and 0.230 in. in diameter. 
Spiral spacer wires, used in previous subassemblies, will not be used 
because they might interfere with the anticipated changes in tube diameters . 
Tube spacing will be maintained only at the ends of the tubes. During initial 
tes ts , the tube-wall temperatures will be kept at an average of approximately 
750°F within the 900°F environment of the core. Therefore, a thermal shield will 
be provided around the entire length of the 61 -element tube bundle. The shield 
will be similar to the one in the Mark J-19 (see ANL-761 8). It will comprise 
a hexagonal liner tube inside of the outer hexagonal tube, with a l / l 6 - i n . 
annulus between the tubes. The annulus will be sealed at the top so that 
pr imary- tank blanket gas (argon) will be trapped and held in the annulus 
when the subassembly is lowered into the pr imary tank. The argon-filled 
annulus will form an efficient thermal ba r r i e r . 

For low-temperature experiments, the shield will reduce 
transfer of heat from the hotter adjacent subassemblies. A high rate of 
sodium flow will be used to keep the specimens at the desired temperature . 

2. Instrumented Subassemblies (E. Hutter and A. Smaardyk) 

a. Test One and Two 

(i) Assembly of Test-2 Subassembly (C. Divona) 

Previously Reported: ANL-7618, pp. 29-30 (Sept 1969). 

After brazing of the bulkhead, leaktesting of the leads 
disclosed a leak in the l /8- in . p ressure - t ransducer gas tube of capsule 
No. 11. Further investigation showed that the leak was at the bulkhead 
braze elevation on the drywell side. Microscopic examination showed a 
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hairline crack in the tube, which extended ~120° around the tube. The crack 
was at the surface of the high-nickel braze mater ia l (Coast Metal 60) which 
had been used to braze the tube into the bulkhead. 

It was decided to repair the crack by brazing with an alloy 
having a melting point somewhat lower than the 1182°C melting point of 
Coast Metal 60. Rebrazing with Coast Metal 60 or any other mater ia l with 
a s imilar or higher melting point would have remelted the bulkhead braze 
and jeopardized all the leads in the bulkhead. 

Test brazes with two nickel alloys having a lower melting 
point than Coast Metal 60--Nioro (mp, 950°C) and Nicusel (mp, 795°C)--
were made in reducing atmospheres . Tests of several brazed samples 
showed that these brazing alloys either were too active or did not flow. 

One test silver braze was made with an alloy called 
Easyflow (mp, 650°C), using manually applied heat and a flux. This method 
combined the advantages of low melting point, good flow character is t ics , 
and local application. It had, however, the disadvantage of using a rather 
corrosive flux. A second test braze made with this alloy and the same flux 
was tested at 900°F while pressur ized to 100 psig. After 300 hr at these 
conditions, no corrosive effect was detected by leak checks. This test will 
be continued for several months. 

The crack in the p ressure - t ransducer gas tube was repaired 
by silver brazing the cracked area manually. A split sleeve was placed over 
the cracked region, and the sleeve and bulkhead were heated locally with a 
torch. Then, the s i lver-brazing alloy, used with a flux (Handyflux), was 
applied. Subsequent helium leaktesting of the t r a z e showed no leakage 
greater than 2 x 10"'° cc / sec of helium. 

The remaining extension-lead junctions were completed, 
and all extension leads and tubes were fastened to the drywell liner tube. 
The outer extension tube was installed over the drywell inner tube after 
the extension leads had been covered with an 0.002-in.-thick stainless steel 
sheath to protect the quartz insulation. The integrity of the extension leads 
was subsequently tested by electr ical measurements and found to be sa t i s ­
factory. The outer extension tube then was welded to the bulkhead and 
leaktested. 

With the subassembly vert ical , steel shot was poured into 
the shielding zone, and a si l icone-rubber compound was poured over the 
shot to form a retaining ba r r i e r . After returning the subassembly to the 
horizontal position, the coupling was installed, and the coupling seals were 
satisfactorily leaktested. The terminal box was installed on the extension 
tube, and the four p ressu re - t r ansduce r gas fittings were connected and 
leaktested. A bellows was provided between the flux-monitor tube and the 
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sodium-shutoff valve within the terminal box to allow for differential expan­
sion between that tube and the extension tube. 

Wiring of the terminal box connectors has begun. 

(ii) Shipping Container for Instrumented Subassembly Test 2 

Not previously reported. 

A shipping container has been constructed for transporting 
the test-2 instrumented subassembly, containing unirradiated fuel capsules, 
to the EBR-II site. The container is required to give adequate support and 
to prevent t ransmission of shock loads to the subassembly during transport . 
Considerable rigidity and shock-absorbing capability have been designed into 
the container. It consists of a large, rigid outer box, weighing approximately 
7006 lb, into which a smaller box, weighing approximately 1200 lb, fits with 
approximately l"|-in. clearance. The space between the inner and outer boxes 
is filled "with urethane pads. 

The outer box, 22 in. x 24 in. x 38 ft long, is constructed of 
steel and has shock-absorbing pads spaced at 4-ft intervals . 

The inner box, 10 in. x 8 in. x 37 ft long, is constructed of 
steel, and has rubber-bushed clamps to support the instrumented sub­
assembly at 5"2-ft intervals along its length. The terminal-box flange 
of the subassembly will be bolted to the top clamp. The inner box not only 
will rigidly support the subassembly during shipping, but will protect the 
subassembly while it is being handled at EBR-II prior to installing it in 
the reactor . 

An engineering analysis of the container was made to see 
if it would meet the safety regulations imposed on containers for shipping 
radioactive materials in "Safety Standards for Packaging of Radioactive and 
Fiss i le Ma te r i a l s , ' AEC Appendix 0529. This analysis was principally 
addressed to (l) possible significant chemical, galvanic, or other reactions 
of the packaging components and contents; (2) closure integrity under 
various loadings; (3) adequacy of lifting devices; and (4) consideration of 
solar heating and low ambient temperatures . The resul ts of the analysis 
indicate that the shipping container will meet the regulations. 

3. Coolant Chemistry (D. W. Cissel) 

a. Sodium Coolant Quality Monitoring and Control 

Last Reported: ANL-7618, pp. 31-34 (Sept 1969). 

(i) Analytical Cold Trap (O. Seim, E. Filewicz, and P . Ellas) 

To permit the analysis of various compounds or elements 
that precipitate in a cold trap throughout its range of tempera tures , a small 
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analytical cold trap is being designed for the EBR-II radioactive sodium 
chemistry loop. A prototype analytical cold t rap will be contructed to verify 
tempera ture distribution using nonradioactive sodium. Pre l iminary studies 
indicate that the cold t rap should be 48 in. long and should include a seg­
mented titanium central tube of approximately 1-in. diameter which is 
surrounded by a 2-in.-dia tube. A segmented tube was chosen for conven­
ience in analysis . 

Sodium at a temperature of 700°F will enter through the 
top of the trap, pass down the central tube, and leave the bottom of the tube 
at a tempera ture of 220°F. The sodium then will flow upward through the 
annulus between the two tubes, leaving the top of the annulus at a temperature 
of 660°F. Air cooling will be applied to the lower 18-in. portion of the 2-in. 
tube, which will be finned externally, to establish and maintain the desired 
tempera ture relat ionships. Proper selection of the length of the regenerative 
heat- t ransfer surface on the central tube and of the amount of air-cooling 
surface on the outer tube is cr i t ical in establishing the temperature d is t r i ­
bution throughout the cold t rap. Heat transfer calculations have shown the 
significance of variations in the a reas of these heat- t ransfer surfaces. 

4. Experimental Irradiat ion and Testing (R. Neidner) 

a. Experimental Irradiat ions 

Last Reported: ANL-7618, pp. 34-35 (Sept 1969). 

Table I.E.I shows the status of the experimental subassemblies 
in EBR-II as of October 15, 1969. 

« 

5. Systems Engineering (B. C. Cerutti) 

a. Surveillance, Evaluation and Studies of Systems 

Last Reported: ANL-7618, pp. 37-40 (Sept 1969). 
(i) Surveillance of System Performance at 62.5 MWt. All 

systems operated satisfactorily during the run at 62.5 MWt. The turbine-
driven feedwater pump was able to ca r ry the fuel feedwater load up to 62.5 MWt. 
Although the steam consumption of the feedwater-pump turbine was higher 
than the manufacturer ' s performance curves indicate, no control problems 
were encountered. The main turbine generated about 18,600 kWe (throttle 
s team flow ~ 170,000 Ib/hr) with the reactor at 62.5 MWt. This is in ag ree ­
ment with the values predicted for operation at 62.5 MWt. 

During the increase of power to 62.5 MWt, acoustical m e a s ­
urements were obtained from each of the two superheaters . A frequency 
spectrum was determined from acce le rometers located at three different 
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TABLE I.E.I. Status ot EBR-II Experimental Irradiations as of October 15, 1969 

S u b a s s e m b l y 

No. a n d 

( P o s i t i o n 1 

<701) 

X 6 0 4 3 

( T B I ) 

XO ISB^ 

(4E2I 

X02f? 

(6B5) 

X 0 2 1 B 

(2D1I 

xozf 
(4B3I 

X03# 
GMfi 

I2F1) 

X035 
17831 

X036a 
I7E1) 

X038 
t7C5J 

XOWA*̂  
<5B2I 

X04I 
(7A3I 

X0«» 
<4D3I 

X044 
I7A1I 

X050a 
(4C2I 

X05ia 
(3A2) 

X0S4a 
MED 

X055 
(6A4) 

X05^ 
(5C2I 

X0S7 
I2B1I 

xosas 

X 0 5 9 ' 

(4A1) 

X 0 6 1 

(7A5t 

X062a 

(6F3I 

X 0 6 3 

(7F5) 

X064a 

(4F2I 

X065A^ 

(7E5) 

X 0 6 9 ' 

« F 1 ) 

Date 

C h a r g e d 

1116165 

VlbliS 

vnm 

mm 

212m 

11 /2V67 

12/22/67 

9/30/69 

4/13/68 

7/25/68 

V 7 / 6 8 

9/3(V69 

7/24/68 

^ 2 0 / 6 9 

8 ( 2 ^ 6 8 

^ 2 3 / 6 9 

12/16/68 

3/31/69 

2/23/69 

il2fW 

2/23/69 

4/Z4/69 

4/2^69 

4/23/69 

5/2^69 

6/29/69 

5/28/69 

1CV2/69 

l(Vl/69 

Capsule Content and 
(Number of Capsules) 

UO2-2O wt * PUO2 

UO2-20 wt * PuO^ 

Structura l 
Structural 
Structura l 
Structural 

UOj-PuO-
UC-2D wt % PuC 
Structural 
Structural 
Grapt i i te 

S t r u c t u r a l 

S t r u c t u r a l 

(J02-25 wt % PuO^ 
Structural 

UC-20 wt 11. PuC 

Structural 
Structural 

Structural 

UO2-25 wt % PuO^ 

Structural 

00^-20 wt % PuOj 
UO2-2O wl % PuO; 

Structural 

U02-25 wt % PUO2 

Oxide Insulator 

UO2-20 wt % PuO^ 
U02-28 wt % PUO2 
UO -̂ZO wt % PuO? 
UC-18 wt % PuC 
Structural 

U02-25 wt * PuO; 

UO2-25 wt » PuO^ 

UC-15 wt % PuC 

U02-25 wt % PuOj 

Structural 

U02-25 wl % PUO2 

U02-25 wt % PUO2 

Structural 

U02-25 wt % PUO2 

Magnetic Materials 

UO2-25 wt % PuO^ 

Structural 

U02-25 wt % PuOj 

( 2 ) 

i2) 

{ 3) 
(2 ) 
( 1) 
I 1) 

(9 ) 
1 3) 
I 4) 
I 21 
i I) 

i 6) 
1 1) 

U81 
( 11 

(191 

( 41 
( 31 

( 7) 

(19) 

( 71 

(ISI 
(161 

1 71 

(37) 

( 11 

( 41 
( 41 
( 5) 
1 2) 
< 41 

1371 

(371 

(191 

137) 

I 71 

(37) 

(37) 

1 7) 

(37) 

1 7) 

U9) 

(231 

(371 

E x p e r i ­

m e n t e r 

GE 

GE 

GE 

ANL 

ANL 

PNL 

GE 

UNC 

PNL 

ANL 

PNL 

PNL 

PNL 

GE 

PNL 

UNC 

ORNL 

ORNL 

ORNL 

GE 

INC 

ANL 

GE 

PNL 

GE 

LASL 

GE 

GE 

ORNL 

W 

GE 

PNL 

PNL 

UNC 

GE 

PNL 

GE 

PNL 

INC 

GE 

ANL 

GE 

ANL 

PNL 

A c c u m u l a t e d 

Exposu re 

(MWd) 

24,845 

26.041 

535 

16,004 

16.175 

7,211 

13,327 

12,474 

535 

13,119 

10,725 

12.701 

535 

11.161 

6 ,44 ] 

9.836 

6,441 

6,986 

5,841 

7.211 

5,841 

7,211 

5,265 

5,265 

6.035 

4,033 

3,701 

4,033 

535 

535 

Est ima ted 

Goal 

E x p o s u r e 

( M W d l 

28,700 

45 ,000 

10,000 

20,400 

23.200 

9.000 

16,000 

12.200 

3,800 

44.800 

43,300 

17.700 

4 ,800 

16.700 

11,000 

12,000 

7,500 

16,400 

10.000 

20,000 

10,600 

15,000 

16,000 

17,500 

18.000 

13.400 

5,400 

10,700 

600 

20,700 

0.2 

0.2 

3.0 

0.3 

0.3 

0.3 

3.6 

2.5 

0.1 • 

Burnup 

6.4 

6.7 

+ 5.8^ 
0.2 
0.2 

6.5 
7.1 
4.5 
4.5 
4.5 

t 4.1I . 
3.0 

7.5 
5.3 

6.2 

M . 8 ^ . 
0.3 

3.0 

2.8 

2.7 

0 . 6 t t -

2.4 

3,5 

1.6 

^ 7 . 7 ^ . 
3.5 
3.5 
3.5 

*5 .3<1 . 

1.4 

3.1 

2.3 

2,9 

3.0 

1.9 

1.8 

1.3 

1.8 

0.8 

2.3 

t 0.3^ • 

0 

.b 

• 6 .0 

• 6.0 

' 7.1 

' 5 .1 

3.8 

3.9 

11.3 

7.8 

0.4 

^Temporarily removed to storage basket for Run 38A. 
"Approximate accumulated center burnup on peak rod (fuels, at. %; nontuels. nvt x 10-22). 
^New Of reconstituted subassembly charged in reactor grid (or Run 38B. 
^Previous exposure from anottier subassembly. 
^X033 was relocated to 5B4 tor Run 38B. 
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locations on each superheater . The frequency range analyzed was 2-500 cps. 
There "was no appreciable change in the amplitude or shape of the frequency 
spectrum as the power level was increased from 20 to 62.5 MWt, At power 
levels below 20 MWt, there were some changes in the spectrum, but these 
a re attributed to system noise directly associated with low-power operation. 
This noise originates from induction heating, check valves, and cycling flow-
control valves. 

During operation at 62.5 MWt, performance of the s team-
b^-pass system was tested. Bypassing of steam involves routing high-
pressure steam through a pressure- reducing station and then directly 
(through a desuperheater) to the condenser without passing through the main 
turbine. Initial testing of the bypass system revealed that the large s team-
bypass valve oscillated whenever the steam flow through the valve was about 
140,000 Ib/hr (56 MWt). Stable operation could be achieved ?.t lower and 
higher steam flows. The valve manufacturer recommended that the range 
spring of the valve be changed. The change was made, after which additional 
s team-bypass tests were performed. Two transient tests were conducted 
with the reactor at 62.5 MWt: 

(1) With the reactor at 62.5 MWt and the turbine on initial-
p ressu re regulator, the incoming line breakers were tripped open. 

(2) With the reactor at 62.5 MWt and the turbine on initial-
p re s su re regulator, the turbine was tripped off. 

The first test demonstrated satisfactory operation of the turbine 
autotransfer system. However, the steam-bypass valve did not open fast 
enough to avert high steam pressure and subsequent lifting of the P r e s s u r -
matic relief valve. The steam-bypass valve was opened manually about 
15 sec after the transient was initiated. 

The second test demonstrated satisfactory operation of the 
condenser and cooling tower under maximum heat load; however, as in the 
first test, the s team-bypass valve failed to respond fast enough to avoid high 
steam p res su re . The P ressu rma t i c relief valve again opened. The s team-
bypass valve was opened manually. 

These tests showed that the large steam-bypass valve suc­
cessfully handled the plant steam generated up to 61 MWt. As power was 
increased to 62.5 MWt, the valve started oscillating, resulting in oscillations 
in s team-plant p re s su re . The small s team-bypass valve was closed, thereby 
increasing the flow through the large valve. The increased flow loaded the 
valve sufficiently to damp the oscillations. 

After the 62.5-MWt run, the original range spring was rein­
stalled because the range of the new spring was too narrow for satisfactory 
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control operation. Because of the unsatisfactory performance of the s team-
bypass system^ operation of the system is being evaluated and will be 
corrected. 

6. Reactor Analysis, Testing and Methods Development 

Last Reported: ANL-7618, pp. 44-55 (Sept 1969). 

a. Transient Response of Core-subassembly Outlet Thermocouples 
during Power Decreases ( j . R. Karvinen) 

Measurements of the transient responses of specific core-
subassembly outlet thermocouples were made during routine rod-drop 
studies at 62.5 MWt. The twelve thermocouples used in the studies were 
those modified for the experiments with the shielded twisted-pair leads. 
In effect, the time elapsing between the reactivity drop and the time required 
for the thermocouple output to register 90% of the final equilibrium output 
defines a transfer function between reactivity and thermocouple response. 

Figure I.E.I shows the actual response data for five of the twelve 
thermocouples during a typical rod drop. Figure I.E.2 shows similar data 
for an inadvertent reactor trip from 62.5 MWt. In all cases the responses 
are characterized by a transport lag of approximately 0.5 sec and a typical 
temperature transient governed by the time constants of the individual ther­
mocouples. If the total response time for a given thermocouple is defined 
as the time required for the response to achieve 90% of its final value, the 
typical total response time of the outlet thermocouples is approximately 
2 sec. Of the 2 sec, approximately 0.5 sec consists of a t ransport lag. The 
remaining portion, 1.5 sec, is attributed to the time required for the response 
to reach 90% of the equilibrium value (essentially a time lapse equivalent to 
three thermal time constants). Est imates of t ransport lags and the basic 
time constants for eight thermocouples a re summarized for both rod-drop 
and scram transients in Table I.E.2. 

The results shown in Figs. I.E.I and I.E.2 and in Table I.E.2 
are significant. The relatively noise-free signals shown in the figures 
illustrate the high quality of thermocouple signals obtainable by the shielded 
twisted-pair modifications. (The 17,5-Hz noise apparent in the signals was 
directly caused by the measuring apparatus and has since been eliminated.) 

b. The Effect of Phase Transformation in EBR-II Driver Fuel on 
Power Coefficient ( j . K. Long) 

As the power level of the reactor has been increased from 45 to 
50 MWt in August 1968, and from 50 to 62.5 MWt in September 1969, the 
temperature of more and more of the fuel has been raised above the level 
(550°C) at which metallurgical transition to the gamma phase is initiated. 



Fig. I.E.I. Responses of Core-subassembly Outlet Therrr 
couples during a Rod Drop from 62.5 MWt 

Fig. I.E.2. Responses of Core-subassembly Outlet Thermo­
couples Following a Reactor Trip from 62.5 MWt 



54 

T A B L E I . E . 2 . T e m p e r a t u r e R e s p o n s e of N o r t h - c o l u m n 
S u b a s s e m b l y Out le t T h e r m o c o u p l e s 

T h e r m o c o u p l e 
No. 

503A 

503A^ 

503C 

503C^ 

503E 

503E^ 

503F^ 

503H 

503H^ 

503K^ 

503AAa 

503AD^ 

^ T r i p da ta . 

P o s i t i o n 
No. 

2D1 
2D1 
2D1 
2D1 
2D1 

3C1 
3C1 
3C1 
3C1 
3CI 

2B1 
2B1 
2 3 1 
2B1 
2B1 

3B1 

2A1 
2A1 
2A1 
2A1 
2A1 

2F1 

l A l 

7D4 

T r a n s p o r t Lag 
( sec ) 

0.6 
0.58 
0.6 
0.6 
0.46 

0.6 
0.96 
0.82 
1.0 
0.64 

0.68 
0.62 
0.6 
0.7 
0.42 

0.64 

0.4 
0.57 
0.6 
0.8 
0.46 

0.5 

0.46 

2.25 

T i m e C o n s t a n t 

( sec ) 

0.47 

0.53 
0.4 
0.37 
0.48 

0.93 
0.47 
0.56 
0.33 
0.6 

0.44 
0.44 
0.27 
0.27 
0.56 

0.8 

0.33 
0.4 
0.33 
0.28 
0.64 

0.6 

0.56 

«5 

Since the p h a s e t r a n s i t i o n involves a change in fuel d e n s i t y , and in effect , 
a change in the t e m p e r a t u r e - e x p a n s i o n coeff ic ient of the fuel , a s s e s s m e n t 
of the ex ten t of such c h a n g e s , the loca t ion of such c h a n g e s in the c o r e , and 
the r e s u l t i n g r e a c t i v i t y effects h a s b e c o m e i m p o r t a n t . T h e s e c h a n g e s w e r e 
c a l c u l a t e d in the m a n n e r d e s c r i b e d be low. 

D i l a t o m e t e r da ta a r e a v a i l a b l e for u n r e s t r a i n e d , u n i r r a d i a t e d 
f i s s i u m - a l l o y fuel .* F r o m t h e s e , t e m p e r a t u r e - e x p a n s i o n coef f i c ien t s w e r e 

Zegler, S. T.. and Nevitt, M. V., Structures and Properties of Uranium-Fissium Alloys. ANL-6116 (1961). 
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estimated to be 23 x 10'^ and 56 x 10"' A L / L per °C, respectively, for the 
regions below and above 550°C. Fuel temperatures were estimated for 
21 points on each of six fuel elements, one fuel pin representing each row 
of the reactor core . The temperatures of fuel-pin surfaces were calculated 
with the HECTIC program, which is based essentially on a multiregion heat 
balance applied to the flowing sodium, using appropriate heat- t ransfer 
coefficients. Computation of the temperatures within the fuel pin required 
estimation of the thermal conductivity, which in turn is a function of the 
radiation-induced swelling. 

Since the internal fuel temperatures depend on the thermal 
conductivity, which is a function of swelling, and since swelling depends 
on the i rradiat ion tempera ture , a precise solution of the temperature 
problem is eai i terat ive process . For simplicity, it was regarded as 
sufficient to estimate the irradiat ion temperature from the nonninal thermal 
conductivity, and to use this to est imate the swelling at each point. The 
swelling thus obtained was used to estimate a more appropriate thermal 
conductivity at each point, and thus to recalculate the temperature once. 
Fur ther i terations were neglected. 

An approximate temperature computed with the nominal thermal 
conductivity (0.3425 w/cm-°C) was applied to O'Boyle's data* to obtain the 
swelling, and then di Novi's correlat ion of swelling and thermal conductivity** 
was used to obtain a more appropriate thermal conductivity at the 21 points 
in each of the six pins. Uniform burnup of 0.0065 at. %, representing the 
s tar t of a run, was used. Internal temperatures at each point were calculated 
from the relation (see P rog re s s Report for April 1968, ANL-7445, pp. 47-48) 

z{r) = ( -a + y a' + l/Zq"'{r'p-r')hyh\ 

w h e r e a and b a r e p a r a m e t e r s d e s c r i b i n g the l i n e a r v a r i a t i o n of c o n d u c ­
t iv i ty wi th t e m p e r a t u r e ; k = a + bt; r is the ou t s ide r a d i u s of the pin; r i s the 
v a r i a b l e r a d i u s ; q'" i s the h e a t g e n e r a t i o n p e r unit v o l u m e , a s s u m e d to 
follow a chopped c o s i n e function in the a x i a l d i r e c t i o n ; t ( r ) is the d i f f e rence 
b e t w e e n the t e m p e r a t u r e s a t r and at r . With t ( r ) compu ted , the r a d i u s , 
if any, at wh ich the i n t e r n a l t e m p e r a t u r e e x c e e d e d 550°C was d e t e r m i n e d , 
and the f r a c t i o n of the c r o s s - s e c t i o n a l a r e a in the r e g i o n of h igh expans ion 
then w a s found. As e x p e c t e d , the i s o t h e r m a l s u r f a c e at 550°C was found to 
be s h a p e d rough ly l ike a cone wi th i t s apex o r i e n t e d downward . 

The ef fec t ive t e m p e r a t u r e - e x p a n s i o n coef f ic ien t at e a c h c r o s s 
s e c t i o n was a s s u m e d to be the l a r g e r e x p a n s i o n coeff ic ient m u l t i p l i e d by 
the a r e a f r a c t i o n above 550°C p lus the s m a l l e r e x p a n s i o n coeff ic ient 
m u l t i p l i e d by the r e m a i n i n g a r e a f r ac t i on . The r e s u l t m u l t i p l i e d by the 

Llternal communication. D. R. O'Boyle to R. J. Dunworth (April 6. 1967). 
**Internal communication, Roberta di Novi to J. H. Kittel (Feb. 12, 1968). 
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a v e r a g e t e m p e r a t u r e change at that c r o s s s e c t i o n r e s u l t i n g f r o m a 1-MWt 
power change y ie lds the fuel c o m p o n e n t of the power coef f ic ien t . 

The w o r t h (W) of the e x p a n s i o n p e r MWt for a l l the i n t e r v a l s 
in a pin was c o m p u t e d f rom 

W Z Vj«**3-0*«^Zvj, 
j j 

w h e r e V-. rf>, and 0; a r e , r e s p e c t i v e l y , the expans ion , f lax, and adjoint at 
the j ' t h i n t e r v a l , and 0 p and 0T^ a r e the flux and adjoint at the edge of the 
c o r e This r e l a t i o n is equ iva len t to the a s s u m p t i o n tha t fuel e x p a n s i o n r e ­
m o v e s m a t e r i a l f r o m p o s i t i o n s a long the length of the pin and r e p l a c e s an 
equa l amoun t at the end. Changes in the diffusion coef f ic ien t of the fuel 
w e r e n e g l e c t e d . The f luxes and adjoints for the c e n t r a l p l ane w e r e t aken 
f r o m a 2 2 - g r o u p MACH-1 c a l c u l a t i o n c o l l a p s e d to one g r o u p we igh ted by 
the g r o u p f i s s ion c r o s s s e c t i o n s , and ^vere given a chopped cos ine shape 
in the ax ia l d i r e c t i o n . The W's thus obta ined a r e r e l a t i v e r a t h e r than 
abso lu t e v a l u e s , so the ca l cu l a t i on was m a d e in two w a y s : "with the n o r m a l 
l o w - t e m p e r a t u r e expans ion coeff ic ient t h roughou t , and with the t w o - p h a s e 
t h e r m a l - e x p a n s i o n coef f ic ien t s . The n o r m a l va lue has b e e n independen t ly 
c a l c u l a t e d to be about 0.7 Ih /MWt , and th i s n o r m a l i z a t i o n was u s e d to obtain 
the w o r t h of the fuel expans ion in the t w o - p h a s e c a s e by c o m p a r i s o n of the 
W's . Of th i s 0.7 Ih /MWt , about 0.58 is due to the change in length of the 
fuel and to the c o r r e s p o n d i n g r e d u c t i o n in dens i t y of the fuel, and about 0 12 
is due to r e p l a c e m e n t of sod ium r e s u l t i n g f r o m r a d i a l e x p a n s i o n of the p ins . 

The c a l c u l a t e d r e s u l t s ind ica te that at 62.5 MWt the fuel c o m p o ­
nent of the power coeff icient m a y be 70% l a r g e r unde r the cond i t ions of the 
p r o b l e m than if the s a m e t e m p e r a t u r e s w e r e r e a c h e d with the lower expan­
s ion coeff ic ient in effect. A l m o s t half of the fuel i s p r e d i c t e d to be above 
550°C at 62.5 MWt. 

Since the fuel componen t a m o u n t s to about 40% of the to ta l power 
coeff ic ient , one would expec t the s lope of the P R D c u r v e at 62.5 MWt to be 
about 28% g r e a t e r than at 45 MWt. Actua l ly , the R u n - 3 8 da ta i n d i c a t e that it 
is only about 19% g r e a t e r . I n a c c u r a c i e s in e s t i m a t i n g the e x p a n s i o n coeffi­
c ien t in the d i f ferent r a n g e s m a y account for s o m e of th i s d i s c r e p a n c y . It 
a l s o is p o s s i b l e , howeve r , that the c o n e - s h a p e d 7 - p h a s e r e g i o n in each pin 
is s o m e w h a t c o n s t r a i n e d by the she l l of a p h a s e s u r r o u n d i n g it , and thus the 
e x p a n s i o n is not as ex t ens ive as the u n c o n s t r a i n e d d i l a t o m e t e r r e s u l t s 
i n d i c a t e . It is f u r the r p o s s i b l e that bowing effects could m a k e a c o n t r i b u ­
t ion which o b s c u r e s the p r e d i c t e d i n c r e a s e d e x p a n s i o n effect . 

c. R o d - d r o p Studies (I. A. Engen) 

To eva lua te the effects of fuel b u r n u p on r e a c t i v i t y feedback , 
r o d - d r o p e x p e r i m e n t s w e r e conduc ted at the beg inn ing and end of Run 37 
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( to ta l r u n length , 1200 MWd). All m e a s u r e m e n t s w e r e m a d e with the 
mod i f i ed d r o p rod d e s c r i b e d in the June 1969 P r o g r e s s R e p o r t , A N L - 7 5 8 1 , 
pp . 3 6 - 3 8 . 

R o d - c a l i b r a t i o n s t u d i e s conduc ted a t 500 kW at the beginning 
and the end of Run 37 e s t a b l i s h e d r e s p e c t i v e v a l u e s of $0.02151 and $0.02149 
for the w o r t h of the d r o p rod . The r e s u l t s s u b s t a n t i a t e t h o s e d e r i v e d f rom 
s i m i l a r s t u d i e s conduc ted dur ing Runs 35 and 36; for t h e s e r u n s , too, no 
s ign i f i can t change in the w o r t h of the d r o p rod was noted du r ing the run . 

Using the c a l i b r a t e d va lue s for r od wor th , the feedback funct ions 
e s t a b l i s h e d f rom da ta t aken du r ing the r o d - d r o p e x p e r i m e n t s w e r e fi t ted to a 
t i m e - d e p e n d e n t feedback m o d e l in the m a n n e r d e s c r i b e d by Hyndman and 
N icho l son .* F i g u r e I .E .3 shows the fit of da ta t aken a t the beginning of 
Run37 to the m o d e l , a long with v a l u e s e s t a b l i s h e d for t i m e c o n s t a n t s , feed­
b a c k a m p l i t u d e s , and the t r a n s p o r t de lay t i m e . In the mode l , pos i t i ve t e r m s 
c o r r e s p o n d to nega t ive feedback , and nega t ive t e r m s c o r r e s p o n d to pos i t i ve 
feedback . 

Fig. I.E.3. Fit of Rod-drop Data from Beginning of Run 37 to Time-
dependent Feedback Model (50-MWt power; 100% flow) 

*Hyndman,R. W.. and Nicholson. R. B.. The EBR-II Feedback Function. ANL-7476 (July 1968). 
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The mathematical model established at the beginning of Run 37 
was shown to be in essential agreement with data taken at the end of the run. 
A slight improvement in fit, however, was obtained by reducing the amplitude 
of the 0.4-sec prompt term by about 4%. Figure I.E.4 shows the fit of the 
experimental data for the end of Run 37 to the revised model. 

. ^ < 

MODEL: - H ( s ) 

0.012. - 6.0s 

Fig. I.E.4. Fit of Rod-drop Data from End of Run 37 to Time-
dependentFeedbackModel(50-MWtpower; 100% flow) 

An inspec t ion of the m e a s u r e d feedback r e v e a l s e s s e n t i a l l y no 
s ign i f ican t d i f fe rence in the r e a c t i v i t y feedbacks m e a s u r e d a t the s t a r t 
and at the end of Run 37. Any d i f fe rence be tween the two s e t s of f eedback 
p r o b a b l y can be exp la ined in t e r m s of no ise that h a s an a m p l i t u d e of the 
s a m e o r d e r of magn i tude of the s m a l l d i f f e r e n c e s . 

Since s i m i l a r r e s u l t s w e r e obta ined dur ing Runs 35 and 36, it 
was conc luded tha t feedback c h a r a c t e r i s t i c s r e m a i n e d e s s e n t i a l l y unchanged 
dur ing each of t h e s e runs and dur ing Run 37. 

d. Wor ths of Con t ro l Rods in E B R - I I (L. B. M i l l e r and R. E . J a r k a ) 

DSN (S2) c a l cu l a t i ons of the c o n t r o l - r o d w o r t h s in R u n 3 2 B have 
b e e n c o m p l e t e d . The w o r t h s w e r e d e t e r m i n e d by s u c c e s s i v e k ca l cu l a t i ons 
in (x,y) g e o m e t r y us ing the DOT5 code . C r o s s - s e c t i o n se t 23806 was used 
with the u s u a l 42 x 42 m e s h , p rov id ing four m e s h po in t s p e r s u b a s s e m b l y in 
the f i r s t ten rows of the c o r e and b lanke t . 



The coi-nputed and measured values are given in Table I.E.3. 
The computed values in %6k were converted to Ih using l%6k = 430 Ih. 
Acorrec t ion factor of 0.88 was applied to the computed numbers to account 
for the fact that the control rods are withdrawn into the axial blanket and 
are not totally removed from the system as is required for the (x,y) 
calculations. 
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TABLE I.E.3. Control-rod Worths in Run 32B 

Control-
rod 

Position 

5A1 
5A3 
5B1 
5B3 
5CI 
5C3 

Th 

'^ex 
heretical 

142 
167 
156 
159 
137 
145 

(Ih) 

Experime 

142 
167 
159 
165 
136 
150 

ntal 

Control-
rod 

Position 

5D3 
5EI 
5E3 
6E1 
6E3 

'^ex 
Theoretical 

167 
143 
153 
148 
166 

(Ih) 

E x p erimental 

167 
139 
155 
141 
169 

The a g r e e m e n t be tween the t h e o r e t i c a l and e x p e r i m e n t a l 
v a l u e s is g e n e r a l l y good. The d i f f e rence b e t w e e n the compu ted and m e a s ­
u r e d w o r t h s r a n g e s f rom z e r o to 5%. In a l l c a s e s excep t one, the t h e o r e t i c a l 
r o d w o r t h s show a s m a l l e r dev ia t ion f rom the m e a n than was m e a s u r e d . 
Th i s is to be e x p e c t e d b e c a u s e loca l p e r t u r b a t i o n s a r e u n d e r e s t i m a t e d in any 
c a l c u l a t i o n with a finite n u m b e r of d i s c r e t e s p a c e po in t s and d i s c r e t e 
d i r e c t i o n s . 

T h i s a g r e e m e n t be tween m e a s u r e d and compu ted rod w o r t h s 
s e r v e s to c o r r o b o r a t e the c o m p u t e d flux t i l t ar^d a s y m m e t r i c p o w e r -
d i s t r i b u t i o n c u r v e s r e p o r t e d in the S e p t e m b e r 1969 P r o g r e s s R e p o r t , 
A N L - 7 6 1 8 , pp. 5 4 - 5 5 . 

e. Dopp le r Coef f ic ien ts for E B R - I I Conf igura t ions in Which Oxide 
F u e l P r e d o m i n a t e s (B. R. Sehgal) 

Th i s w o r k is a con t inua t ion of that r e p o r t e d in the M a r c h 1969 
P r o g r e s s R e p o r t ( A N L - 7 5 6 1 , pp. 46 -48 ) , in which the Doppler shutdown 
r e a c t i v i t y coef f ic ien t was c a l c u l a t e d for a p r o p o s e d E B R - I I oxide c o r e 
with 47 BeO s u b a s s e m b l i e s . This s tudy h a s s i n c e been cont inued, and 
r e s u l t s a r e r e p o r t e d h e r e for t h r e e m o r e o x i d e - c o r e conf igu ra t ions : (1) a 
o n e - r e g i o n oxide c o r e ; (2) a t w o - r e g i o n oxide c o r e * with d i f ferent U 
e n r i c h m e n t s in the two r e g i o n s o p t i m i z e d to give a m i n i m u m va lue for the 
r a d i a l m a x i m u m - t o - a v e r a g e power r a t i o ; and (3) a o n e - r e g i o n oxide c o r e 
wi th 24 BeO s u b a s s e m b l i e s . Tab le I .E .4 g ives the spec i f i ca t ions for t h e s e 

*Golden. G. H.. and Sehgal. B. R., Thermal-Hydraulic and Doppler Characteristics of Some Oxide Cores 
for EBR-II (to be presented at the 1969 Winter Meeting of Am. Nucl. Soc). 
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t h r e e c o r e s and for one on which the e a r l i e r c a l i b r a t i o n w a s b a s e d . E a c h 
of t h e s e c o r e s is a s s u m e d to be con ta ined in a r a d i a l r e f l e c t o r and a r a d i a l 
b l a n k e t . The g e o m e t r y of the c a l c u l a t i o n s is a o n e - d i m e n s i o n a l c y l i n d e r 
wi th an e x t r a p o l a t e d he igh t of 64.4 c m . 

TABLE I.L4. Results of Calculations of Doppler Coefficients 

Fuel: 20 wt % mixed PUO2-UO2 with 20 virt % ̂ ^''Pu in Pu 
Radial Reflector: 27 cm thick; 13 vol % stainless steel: 23 vol » sodium, and 58 vol % nickel 
Radial Blanket: 22 cm thick; 18 vol % stainless steel; 13 vol % sodium, and 59 vol % nickel 
Geometry: Cylinder 
Extrapolated Height: 64.4 cm 

Core Configuration 

l-region oxide 

2-region oxide, with 
minimum ratio of 
max to avg power 

l-region oxide with 
24 BeO subassemblies 

l-region oxide with 
47 BeO subassemblies 

Core Volume 

Fuel 

32.44 

31.58 

25.64 

22.39 

SS 

40.04 

40.55 

28.38 

25.71 

Fractions 

Na 

22.06 

21.97 

18.23 

18.73 

l%l 

BeO 

0.0 

0.0 

16.69 

29.60 

Equivalent 
Core 

Radius (cm) 

29.73 

29.70 

33.42 

35.12 

Critical 235u 
Enrichment (%) 

54.4 

45.4J68.1 

43.9 

331 

Core Median 
Flux 

Energy (keV) 

395 

397 

239 

155 

Doppler 
Coefficient 

iTawari at 
700 to 1500°K 

-000029 

-0.00023 

-0.00164 

-0.00491 

T w o s e t s of b r o a d - g r o u p c r o s s s e c t i o n s f o r e a c h of t h e s e c o r e s 

w e r e d e r i v e d w i t h t h e M C ^ c o d e * in h o m o g e n e o u s g e o m e t r y a t c r i t i c a l B ^ , 

u s i n g t h e E N D F / B d a t a * * a n d t h e r e s o n a n c e i s o t o p e s a t 7 0 0 a n d a t 1 5 0 0 ° K . 

C r o s s s e c t i o n s f o r t h e n i c k e l - s o d i u m r e f l e c t o r a n d f o r t h e d e p l e t e d - u r a n i u m 

b l a n k e t w e r e s i m i l a r l y c a l c u l a t e d , b u t a t 3 0 0 ° K a n d B^ = 0 . 0 c m " ^ . 

T h e S N A R G - I D c o d e + w a s u s e d t o c a l c u l a t e t h e c r i t i c a l ^^^U 
e n r i c h m e n t a t 7 0 0 ° K a n d s u b s e q u e n t l y t h e kgff a t 1 5 0 0 ° K b y c h a n g i n g t o t h e 
1 5 0 0 ° K c r o s s s e c t i o n s . T h e D o p p l e r c o e f f i c i e n t s ( T S k / S T ) w e r e c a l c u l a t e d 
f r o m t h e A k ' s o b t a i n e d , u s i n g t h e a s s u m p t i o n t h a t t h e D o p p l e r c o e f f i c i e n t 
w a s c o n s t a n t o v e r t h e r a n g e f r o m 7 0 0 t o 1500°K. ' ' ^ 

T h e r e s u l t s of t h e c a l c u l a t i o n s a r e s h o w n i n T a b l e I . E . 4 , a l o n g 
w i t h t h e v a l u e s of t h e c o r e m e d i a n f l u x e n e r g i e s t o i n d i c a t e t h e r e l a t i v e 
h a r d n e s s of t h e s p e c t r a . In c o m p a r i s o n , t h e c o r e m e d i a n f l u x e n e r g y f o r 
t h e p r e s e n t l o a d i n g s of E B R - I I i s - 4 0 6 k e V . * 

*Toppel, B. J., Rago, A. L., and O'Shea, D. M., MC^, A Code to Calculate Multigroup Cross Sections, 
ANL-7318 (1967). ' 

**Honeck, H. C . ENDF/B, Specifications for an Evaluated Nuclear Data File for Reactor Applications, 
BNL-50066 (1966)^ ' ~ ' 

iDuffy, G. J., et al., SNARG-ID. A One-dimensional Discrete-ordinate Transport-theory Program for the 
CDC-3600. ANL-7221 (1966). ' 

ttproelich. R., and Ott. K., "Results of Doppler Coefficient Calculations for Fast Reactors and Comparison 
of Different Methods," in Proceedings of the Conference on Safely Fuels, and Core Design in Large Fast 
Power Reactors. October 11-14. 1965. ANL-7120 p. 440 " 

+ Madell.J.T.. and Jaika. R. E.. Preliminary Invesugation of the Neutronic Characierisflcs of a Mixed-
oxide Fuel Loading of EBR-II, Trans. Am. Nucl. Soc. 12(1), 184 (1969). 
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The p r e s e n t c a l c u l a t i o n s n e g l e c t c e l l h e t e r o g e n e i t y in ca l cu la t ing 
the b r o a d - g r o u p c r o s s s e c t i o n s . H o w e v e r , r e c e n t r e s u l t s * i nd i ca t e that for 
the 0 .188 - in . r o d s in t h e s e c o r e s , th i s n e g l e c t m a y be a r e a s o n a b l e a p p r o x i ­
m a t i o n . T h e r e m a y be e r r o r s in the E N D F / B ^ U c r o s s s e c t i o n s be tween 
1 and 10 keV b e c a u s e r e c e n t s t u d i e s * * have shown s u b s t a n t i a l d i f f e r e n c e s 
b e t w e e n E N D F / B c a l c u l a t e d and m e a s u r e d Dopp le r coe f f i c i en t s . 

Tab le I .E .4 shows tha t c o r e s wi th no BeO give a v e r y s m a l l 
Dopp le r coef f ic ien t , and tha t a v e r y s u b s t a n t i a l s p e c t r a l sof tening and 
i n c r e a s e of Dopp le r coef f ic ien t o c c u r s a s BeO is added . P o t e n t i a l l y , it is 
p o s s i b l e to ge t a r e l a t i v e l y l a r g e Dopp le r shutdown r e a c t i v i t y ; th is m a y 
not be d e s i r a b l e , h o w e v e r , for the r o l e of E B R - I I a s a t e s t r e a c t o r . The 
c o r e wi th 24 B e O s u b a s s e m b l i e s , which g ive s a Dopp le r coeff ic ient of 
~ - 0 . 0 0 1 6 , m a y be a c o m p r o m i s e b e t w e e n s p e c t r a l r e q u i r e m e n t s and p o s s i b l e 
sa fe ty r e q u i r e m e n t s . + 

f. S t r u c t u r a l - s u b a s s e m b l y S p e c t r a l C a l c u l a t i o n s Using Spa t ia l ly 
Independen t A v e r a g i n g for G r o u p C o n s t a n t s (D. M e n e g h e t t i and 
K. E. P h i l l i p s ) 

F i n e - g r o u p f luxes and c u r r e n t s in the e n e r g y r a n g e of r e s o n a n c e 
s c a t t e r i n g a t v a r i o u s p o s i t i o n s in a s t e e l - r i c h and in a n i c k e l - r i c h s t r u c t u r a l 
s u b a s s e m b l y in an E B R - I I - t y p e c o r e w e r e g iven in the P r o g r e s s R e p o r t s for 
Augus t 1969 ( A N L - 7 6 0 6 , p . 60) and for S e p t e m b e r 1 969 (ANL-7618 , pp. 4 9 - 5 1 ) . 

The fine s p a t i a l l y d e p e n d e n t so lu t i ons have been u s e d to c o l l a p s e 
the fine c r o s s s e c t i o n s to ob ta in a s e p a r a t e c r o s s - s e c t i o n s e t for each 
6 3 - m e s h i n t e r v a l , 1 5 of wh ich a r e in the s t r u c t u r a l r e g i o n . 

F o r c o m p a r i s o n , the ana logous c a s e s w e r e c a l c u l a t e d us ing 
s p a t i a l l y i n d e p e n d e n t c o l l a p s e d c r o s s s e c t i o n s . Two a p p r o a c h e s w e r e u sed . 
In the f i r s t , the s t r u c t u r a l - r e g i o n c o a r s e - g r o u p c r o s s s e c t i o n s w e r e ob ta ined by 
we igh t ing wi th the f i n e - g r o u p flux s p e c t r u m c o r r e s p o n d i n g to the f u n d a m e n t a l -
m o d e s o l u t i o n for the E B R - I I c o r e c o m p o s i t i o n . In the s e c o n d a p p r o a c h , 
the s t r u c t u r a l - r e g i o n c o a r s e - g r o u p c r o s s s e c t i o n s w e r e ob ta ined by w e i g h t ­
ing the f i n e - g r o u p flux s p e c t r u m c o r r e s p o n d i n g to an infini te r e g i o n ( i . e . , 
z e r o buck l ing ) of s t r u c t u r a l c o m p o s i t i o n in which a u n i f o r m f i n e - g r o u p 
f i s s i o n - s p e c t r u m s o u r c e is app l i ed . 

*Adkins. C. R.. Murley. T. E.. and Dyos. M. W., A Detailed Metliod for Calculating the Low Energy Multigroup 
Cross Sections and the Doppler Coefficient in a Fast Reactor, Nucl. Sci. Eng. 36, 336 (1969). 

**Pond. R. B., and Till. C. E.. Doppler Effect Studies as a Function of Reactor Spectra. Trans. Am. Nucl. Soc. 
12(1). 272(1969). 

tCampise, A. V.. Transient Analysis of EBR-II with a Predominantly Oxide-fueled Loading (to be presented 
at the 1969 Winter Meeting of Am. Nucl. Soc). 
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The calculated central fluxes in the s tee l - r ich and the nickel-
rich subassemblies are shown in Tables I.E.5 and I.E.6, respectively. The 
simpler, spatially independent methods of c ross-sec t ion weighting resul t 
in sizable e r r o r s , especially at the lower energies. 

TABLE I.E.5. Flux in Steel-rich Central Subassembly^ 

Energy 
Group 

4 

5 

6 

7 

8 

9 
10 
11 
12 
13 
14 
15 

Lethargy 
at Group 
Bottom 

2 . 5 
3 . 0 
3 . 5 

4 . 0 
4 . 5 

5 . 0 

5 .5 
6 . 0 

6 . 5 
7 . 0 
7 . 5 

8 .5 

F i n e -
group 
Sum 

0.00249 
0.00371 
0.00379 
0.00260 
0.00189 
0.00110 
0.000613 
0.000240 
0.000148 
0.000043 
0.000012 
0.000011 

Rat io 
to 

63 Sets ' 

1.00 
1.00 
1.00 
0.99 
0.98 
0.97 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 

of Resu l t s of C 
F i n e - g r o u p Cal 

b F.M.o 

1.00 
0.99 
1.02 
0.98 
1.05 
1.03 
0.97 
l . I l 
0.90 
1.11 
1.17 
0.74 

o a r s e 
culati 

- g r o u p 
;ons 

B^ = Od 

0.98 
0.99 
0.98 
1.05 
1.01 
1.03 
1.04 
1.08 
1.14 
1.19 
1.50 
1.32 

^Normal i zed to applied sou rce of unity per cen t ime te r of s y s t e m height. 
Fif teen c r o s s - s e c t i o n se t s used in cen t ra l - subassennb ly region; rennaining se t s 
used in co re and blanket r eg ions . 
Core fundamenta l -mode •weighting of c r o s s sec t ions for c en t r a l s u b a s s e m b l y . 

"Ze ro -buck l ing weighting of c r o s s sec t ions for c e n t r a l - s u b a s s e m b l y reg ion . 

TABLE I .E.6 . Flux in N icke l - r i ch Cen t r a l Subassembly^ 

Energy 
Group 

4 

5 

6 
7 

8 

9 
10 
11 
12 
13 
14 
15 

Lethargy 

at Group 
Bottom 

2 . 5 

3 . 0 
3 .5 
4 . 0 
4 . 5 
5 .0 
5 .5 

6 . 0 

6 . 5 
7 .0 

7 .5 
8 .5 

F i n e -

group 
Sum 

0.00254 
0.00360 
0.00365 
0.00277 
0.00195 
0.001 11 
0.000683 
0.000284 
0.0001 15 
0.000133 
0.000090 
0.000048 

Ratio 
t o 

63 Sets ' 

1.00 
1.00 
1.03 
l.OI 
0.98 
0.97 
0.94 
0.95 
0.96 
0.96 
0.96 
0.97 

of Resu l t s of C' 

Fine 
D 

-g roup Cal 

F.M.'= 

l.OI 
0.98 
0.99 
1.02 
0.99 
0.91 
1.34 
1.08 
1.23 
2.92 
0.93 
1.17 

o a r s e -g roup 

B^ = Od 

0.95 
1.02 
1.01 
0.97 
1.03 
1.10 
1.06 
1.02 
1.12 
0.96 
1.09 
1.25 

^Normal i zed to applied sou rce of unity per c e n t i m e t e r of s y s t e m height . 
Fifteen c r o s s - s e c t i o n se t s used in c e n t r a l - s u b a s s e m b l y region; r ema in ing se t s 
used in co re and blanket r eg ions . 

^Core fundamenta l -mode weighting of c r o s s sec t ions for c en t r a l s u b a s s e m b l y . 
Zero-buck l ing weighting of c r o s s sec t ions for c e n t r a l - s u b a s s e m b l y region. 
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g. Bowing Calculations (D. Mohr) 

A check of the BOW-V calculations was made for EBR-II Run 25. 
The following quantities and/or relationships were calculated by hand and 
compared with BOW-V printed output for each row of subassemblies: 
(a) unrestrained thermaldeflection (b) relationship between bending loads and 
centerline deflection; and (c) relationship between compression loads and 
button compression. 

Excellent agreement was noted in (a) and (b). However, a few 
apparent unbalances in loads (for a given compression) were found in (c), 
the highest percentage deviation from equilibrium being about 13% (or 
3.3 lb/button). 

Two new cases have been run with BOW-V, using the following 
reflector-blanket configurations: (a) a blanket consisting entirely of depleted 
uranium (corresponding approximately to Run 33); and (b) nickel reflector in 
Rows7-10, and depleted uranium in Rows 11-15. 

Bowing deflections were calculated for 20 power levels in the 
range from 0 to 125 MWt. For the first configuration, the results show some 
inward bowing (31.3 mils for Row 6 at 62.5 MWt and 82.1 mils at 125 MWt). 
For the other configuration, however, the results show essentially no inward 
bowing (0 mil for Row 6 at 62.5 MWt and < 1 mil at 125 MWt). 

The lack of inward bowing for the nickel reflector is caused 
pr imar i ly by the low temperature differentials in the hexagonal cans in Row 7 
(e.g., maximum of 11 °F AT at 62.5 MWt). The effects of reflector-
subassennbly stiffness and button stiffness are not important if the pre ­
dicted hexagonal-can temperature differentials for Row 7 are valid. Thus, 
the above prel iminary resul ts should be equally valid for other potential 
nickel-stainless steel reflector configurations being considered. 

h. Mechanical Analysis of IHX Nozzle (Lu Kang Chang) 

An analysis of s t ress and buckling of the nozzle of the EBR-II 
intermediate heat exchanger (IHX) was made, in which the nozzle was 
assumed to be an infinitely long cylinder that is unrestrained longitudinally 
and res t ra ined laterally at the welding edge. Donnell's nonlinear elastic 
theory of shells was used to derive the equations of equilibrium and natural 
boundary conditions. The deformations in the prebuckling state were con­
sidered to be axisymmetr ical . The prebuckling s t resses and deformation 
were obtained by solving the coupled equations of equilibrium and compati­
bility. Both simply supported and clamped boundary conditions were con­
sidered in the study. The possibility of buckling due to thermal loading also 
was considered. 
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The a n a l y s i s i n d i c a t e s that the nozz l e r e t a i n s i t s m e c h a n i c a l 
s t a b i l i t y wi th in the r a n g e of t h e r m a l l oad ings to which it was sub jec t ed in 
t h i s s tudy. 

i. F low Ca lcu l a t i ons for H i g h - t e m p e r a t u r e R e a c t o r E x p e r i m e n t s . 

C a l c u l a t i o n s w e r e m a d e to d e t e r m i n e the f ea s ib i l i t y of r a i s i n g 
the t e m p e r a t u r e of flowing s o d i u m by us ing g a m m a hea t ing wi th in a s t a i n ­
l e s s s t e e l s u s c e p t o r . The s u s c e p t o r would be p l aced in Row 7 of E B R - I I , 
and the hot s o d i u m would be used in a s tudy of r e s i s t a n c e of v a r i o u s r e a c t o r 
m a t e r i a l s to the flow of h i g h - t e m p e r a t u r e sod ium. The s o d i u m in le t t e m p e r a ­
t u r e was a s s u m e d to be 700"F, and the m a s s f lowra te was set to p r o v i d e a 
t e m p e r a t u r e of 1250° for the s o d i u m within the s u s c e p t o r . 

The r e s u l t s of the c a l c u l a t i o n s i nd i ca t e tha t the s o d i u m out le t 
t e m p e r a t u r e wi l l be at a m a x i m u m of about 1256°F when the s o d i u m flow-
r a t e i s 147 I b / h r (0.36 gpm). F o r r e a s o n s exp la ined be low, the m a x i m u m 
t e m p e r a t u r e wi l l not be a t the s o d i u m ou t le t ; r a t h e r , it wi l l be a p p r o x i m a t e l y 
13 in. f rom the ou t le t , o r 7 in. above the c o r e . 

The "Guide for I r r a d i a t i o n E x p e r i m e n t s in E B R - I I " was used 
to d e t e r m i n e the r a t e of e n e r g y depos i t i on wi thin the s u s c e p t o r : a p p r o x i ­
m a t e l y 26,500 B t u / h r (7.76 kW). A p o r t i o n of t h i s e n e r g y is l o s t , h o w e v e r , 
by r a d i a n t hea t t r a n s f e r f rom the o u t e r wa l l of the s u s c e p t o r and by conduc ­
t ion a c r o s s the i n e r t - g a s i n s u l a t o r . In i t i a l c a l c u l a t i o n s , in fact , showed that 
the hea t l o s s e s due to t h e s e two m e c h a n i s m s in the uppe r p o r t i o n o f t h e s u s ­
c e p t o r would be c o n s i d e r a b l y g r e a t e r than the hea t d e p o s i t e d b e c a u s e of 
g a m m a i n t e r a c t i o n s . T h e s e l o s s e s would be g r e a t enough to p r e v e n t the s y s t e m 
f rom r e a c h i n g and m a i n t a i n i n g t e m p e r a t u r e s n e a r the d e s i r e d m a x i m u m 
u n d e r r e a s o n a b l e s o d i u m flows. It a p p e a r s , t h e r e f o r e , t ha t the o u t e r s u r f a c e 
of the uppe r p o r t i o n of the s u s c e p t o r should be p l a t ed wi th gold to r e d u c e 
t h e s e hea t l o s s e s . It has been ca l cu l a t ed tha t gold p l a t ing would d e c r e a s e 
the r a t e of hea t l o s s to about 2500 B t u / h r (0.73 kW), which r e p r e s e n t s a 
d e c r e a s e of a p p r o x i m a t e l y 50%. The r e m a i n i n g 24,000 B t u / h r would be 
a v a i l a b l e to hea t the sod ium. Even a f t e r gold p l a t i n g , h o w e v e r , the hea t 
l o s s e s a r e s t i l l g r e a t e r than the hea t ga ins o v e r a p p r o x i m a t e l y the upper 
13 in. of the s u s c e p t o r , which l e ads to the a f o r e m e n t i o n e d c o n c l u s i o n tha t 
the s o d i u m t e m p e r a t u r e wi l l d e c r e a s e a long th i s p o r t i o n of the s u s c e p t o r 
to an out le t t e m p e r a t u r e of about 1244°F. 

It i s wor thwhi le to c o m p a r e t h e s e r e s u l t s to those of a s i m i l a r 
e x p e r i m e n t done in m i d - 1 9 6 8 . T h i s e x p e r i m e n t , in which a n i c k e l s u s ­
c e p t o r and a sod ium f lowra te of 1 2 gpm (509 I b / h r ) w e r e u s e d , y i e lded 
a t e m p e r a t u r e r i s e of 240°F. The r a t e of hea t t r a n s m i s s i o n into the s o d i u m 
was thus about 36,600 B t u / h r . Making e s t i m a t e s of the hea t l o s s e s a t the 
s u r f a c e of tha t n i c k e l s u s c e p t o r and comJDaring the two s y s t e m s u n d e r the 
s a m e a s s u m p t i o n s lead to the conc lus ion tha t the p o w e r d e p o s i t i o n i s about 
0.431 W / g in n i cke l and about 0.433 W / g in s t a i n l e s s s t e e l . T h u s , the p o w e r 
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d e p o s i t i o n s a p p e a r to a g r e e wi th in about 3%. Th i s a g r e e m e n t should be t aken 
only a s an i nd i ca t i on tha t the r e s u l t s p r e s e n t e d above a r e r e a s o n a b l y c o m ­
p a r a b l e wi th t h o s e ob ta ined in the p r e v i o u s e x p e r i m e n t and should by no 
m e a n s be i n t e r p r e t e d as an e s t i m a t e of the a c c u r a c y of the c a l c u l a t i o n s . 

7. D r i v e r F u e l D e v e l o p m e n t (C. M. W a l t e r ) 

a. F u e l and Cladd ing S u r v e i l l a n c e 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp. 57-61 (Sept 1969). 

(i) P r e l i m i n a r y B E M O D C a l c u l a t i o n s for a Row-7 B lanke t F u e l 
P i n (J . F . Koenig, C. C. F o r d , and C. M. Wal te r ) 

The B E M O D c o m p u t e r p r o g r a m was u s e d to he lp d e t e r m i n e 
the c h a r a c t e r i s t i c s of a b l a n k e t e l e m e n t in Row 7 du r ing i r r a d i a t i o n to a 
b u r n u p of 0.27 a t . % (max) . 

T a b l e I .E .7 g ives the c h a r a c t e r i s t i c s of the u n i r r a d i a t e d 
b l a n k e t fuel pin. Since the gas v o l u m e is l e s s than the s o d i u m v o l u m e , 
t h e r e is a p o s s i b i l i t y of obta in ing a high p l e n u m p r e s s u r e if t h e r e is suffi­
c ien t fuel swe l l i ng . The 5 5 - i n . l eng th of the fuel pin was d iv ided into 35 ax ia l 
nodes to ob ta in a s a t i s f a c t o r y r e p r e s e n t a t i o n of the b e h a v i o r of the e l e m e n t s . 
The e x p a n s i o n coef f ic ien t and t h e r m a l conduc t iv i ty of the b lanke t fuel w e r e 
a s s u m e d equal to t h o s e of the p u r e u r a n i u m m e t a l . The t h e r m a l conduct iv i ty 
was r e d u c e d as fuel swe l l ing o c c u r r e d . It a l s o was a s s u m e d that no f i s s ion 
gas was r e l e a s e d f r o m the fuel. 

T A B L E I . E . 7 . C h a r a c t e r i s t i c s of 
U n i r r a d i a t e d B l a n k e t F u e l P in 

F u e l 
D i a m e t e r , in. 0.433 
Leng th , in. 55 
V o l u m e , i n . ' • 8.09 

Cladd ing 
Ou t s ide d i a m e t e r , in. 0.493 
Ins ide d i a m e t e r , in. 0.457 
Wall t h i c k n e s s , in. 0.016 

/ , 31 
Length , in. " i •JJ 
Net v o l u m e , in. 9.99 

Bond Sodium 
Vo lume in annu lus b e t w e e n fuel and c ladd ing , in. 0.922 
Vo lume above fuel (1 .2 - in . l eve l ) , in. 0.145 

Gas 
V o l u m e , i n . ' 0.579 
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The f u e l - s w e l l i n g c h a r a c t e r i s t i c s of the b l a n k e t fuel a r e not 
known; h o w e v e r , swe l l ing s t u d i e s have been m a d e a t P N L * on fuel of s i m i l a r 
c o m p o s i t i o n . The P N L data for u n r e s t r a i n e d swe l l ing f r o m t h e s e s t u d i e s 
w e r e used for the b l a n k e t - f u e l swe l l ing m o d e l . It was then a s s u m e d tha t a 
p r e s s u r e of 1000 p s i would r e d u c e the swel l ing to l / 5 of i t s u n r e s t r a i n e d 
va lue a t the t e m p e r a t u r e at which fuel swe l l i ng is m a x i m u m (995°F) . At 
a t e m p e r a t u r e of ±100°F f r o m the m a x i m u m , the swe l l i ng was a s s u m e d to 
be r e d u c e d to half of the u n r e s t r a i n e d va lue for a p r e s s u r e of 1000 p s i . 
The following equa t ion was u s e d to r e p r e s e n t the f r a c t i o n v o l u m e swel l ing 
of the fuel ( A v / v ) : 

AV/V = % b u r n u p [l .2 e x p ( - 1 . 2 1 x 10"^ AT^)]/[1 + ( P / 2 5 0 ) ( I 0.75 A T Y I 0*)], (1) 

w h e r e P is the app l i ed p r e s s u r e in p s i and AT is the d i f f e r ence be tween 
995°F and the a v e r a g e fuel t e m p e r a t u r e in °F . 

The c a l c u l a t i o n s w e r e m a d e for the h o t t e s t e l e m e n t , next 
to the c o r e , in a s u b a s s e m b l y in pos i t i on 7N4. B a s e d on f i s s i o n - r a t e d i s t r i ­
but ion , the a v e r a g e hea t r a t i ng was e s t i m a t e d as 5700 B t u / h r - f t , and the 
m a x i m u m hea t r a t i n g was 3.2 t i m e s th i s v a l u e . F o r a s u b a s s e m b l y f low-
r a t e of 22 gpm, the r i s e in coolan t t e m p e r a t u r e in the hot e l e m e n t was 191°F. 

The b l anke t hea t g e n e r a t i o n can v a r y s ign i f i can t ly wi th the 
n a t u r e of the ad jacen t s u b a s s e m b l i e s . F o r e x a m p l e . M i l l e r * * a t A N L h a s 
c a l c u l a t e d that the hea t g e n e r a t i o n m a y be i n c r e a s e d by 50% if the b l anke t 
s u b a s s e m b l y is ad jacen t to an oxide s u b a s s e m b l y in Row 7. T h e r e f o r e , the 
B E M O D c a l c u l a t i o n s a l s o w e r e m a d e at a hea t r a t i ng of 8700 B t u / h r - f t . 

B E M O D c a l c u l a t e s the c r e e p d e f o r m a t i o n of the c ladd ing 
b a s e d on gas p r e s s u r e or fue l - c l add ing con tac t p r e s s u r e . It a l s o c a l c u l a t e s 
c ladding swel l ing due to n e u t r o n f luence . Cladding swe l l i ng is d e s c r i b e d 
byt 

% A V / v = 4.9 X 1 0 - « (nvt) ' -" ' (j O 1 - " X I O V T - 5 . 9 9 X I O V T 2 ) _ (2j 

w h e r e T is the t e m p e r a t u r e in °K and % A v / v is the p e r c e n t v o l u m e 
i n c r e a s e . 

The bui ldup of gas p r e s s u r e in the b l a n k e t e l e m e n t was 
found to be n e g l i g i b l e . The change in c ladding d i a m e t e r ( A D / D ) was found 
to be due e n t i r e l y to n e u t r o n - f l u e n c e swe l l ing and f u e l - c l a d d i n g c o n t a c t 
p r e s s u r e . The c a l c u l a t i o n s i nd i ca t e tha t f ue l - c l add ing c o n t a c t would o c c u r 
a t - 0 . 2 5 at . % b u r n u p . The c a l c u l a t e d fuel swe l l ing and c ladd ing s t r a i n a t 

*Leggett. R. D., et al̂ .. Basic Swelling Studies, BNWL-SA-154 (Sept 1965). 
**Miller, L. B., private communication, 

tciaudson, T., PNL, private communication. 
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0.27 at. % maximum burnup qualitatively agreed with measurements made 
of blanket elements having the same burnup. Increasing the power rating 
increased the length of the fuel-cladding contact area . Calculations were 
continued to the point where the increase in cladding diameter ( A D / D ) 
was 2%. This occurred at 0.57 at. % burnup for a heat rating of 5700 Btu / 
hr-ft and at 0.51 at. % burnup for a heat rating of 8700 Btu/hr-ft . For 2% 
A D / D , 80% of the A D / D is due to neutron fluence. The maximum A D / D 
for both heat ratings is shown as a function of burnup in Fig. I.E.5. 

The gas p ressure built up to 
200 psi for the elements taken to 
2% A D / D , and the maximum fuel-
cladding contact p ressure was 
1400 psi. The length of the gas 
plenum decreased from 2.3 in. 
initially to 0.6 in. at 2% A D / D . 

In summary, the magnitude of 
the calculated fuel swelling agrees 
well with the measured swelling. The 
location and length of the fuel-cladding 
contact area, however, are somewhat 
different. The maximum measured 
swelling occurs lower in the fuel 
element and over a greater length of 
fuel than calculated. These discrep­
ancies are minor and may be due to 
the uncertainty in the heat rating 
and/or,the maximum fuel swelling 
occurring at a lower temperature 
than the 995°F used in the model. The 
measured fuel swelling tended to be 

elliptical rather than circular , which may have been due to the external 
res t ra in ts or coolant-flow distribution on the fuel pins. Additional calcula­
tions will be carr ied out with a modified fuel-swelling model to obtain better 
agreement between the measured and calculated fuel swelling. 

MAXIMUM BURNUP, at % 

Fig. I.E.5. Calculated AD/D for EBR-II 
Row-7 Blanket Element 

(ii) 7 0 % - e n r i c h e d F u e l E x p e r i m e n t ( j . P . B a c c a , 
A. K. C h a k r a b o r t y , and G. C. McCle l l an ) 

S e v e n t y - p e r c e n t - e n r i c h e d S u b a s s e m b l y C-2213S ( r e c o n s t i ­
t u t ed f rom p r e v i o u s l y i r r a d i a t e d S u b a s s e m b l y C-2193S at 1.55 at . % burnup) 
w a s i r r a d i a t e d du r ing Run 38B and a t t a ined a c a l c u l a t e d burnup peak of 
1.78 a t . %. P o s t i r r a d i a t i o n e x a m i n a t i o n s wil l be conduc ted af ter the shu t ­
downs of E B R - I I and the F C F a i r ce l l have been c o m p l e t e d . 
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(iii) Controlled-flow Experiment (J. P. Bacca, A. K. Chakraborty, 
and G. C. McClellan) 

Controlled-flow Subassennbly C-2188S was installed in the 
core at the s tar t of Run 38B and attained a calculated burnup peak of 
1.77 at. %. Postirradiation exanninations will be initiated after the shut­
downs of the reactor and the FCF air cell have been completed. 

(iv) Surveillance of Extended-burnup Driver Fuel ( j . P. Bacca, 
A. K. Chakraborty, and G. C. McClellan) 

Table I.E.8 sunnmarizes the postirradiation examinations 
conducted under this program during the month. The third column of the 
table lists those additional tables of this Progress Report in which additional 
data for each subassembly are presented. 

TABLE I .E .8 . Extended-burnup Dr ive r - fue l Subassembl ies Examined during Month 

Burnup Table Provid ing 
Subassembly (at. % max) More Data R e m a r k s 

C-2073 1.74 I.E.9 High var ia t ion of s i l icon content and wide 
range of swell ing. 

C-2170 1.50 I.E.10 Subassembly contains ANL-produced 
d r ive r fuel having an ave rage swell ing. 

B-3036 1.52 I.E.11 Subassembly contains ANL cold- l ine fuel 
elennents with low si l icon content. Swell­
ing is compara t ive ly high, with a wide 
range . 

B-3038 1.95 I.E.12 Amount of swell ing is l e s s than other 
e l ements of h igh-burnup s u b a s s e m b l i e s . 
Average value is only 8.1%; range is 
5.9-10.5%. 

B-3042 1.71 I .E.13 Consis ts of cold- l ine fuel e l e m e n t s . 
Batches with h igher s i l icon content show 
less swelling than ba tches with lower 
s i l icon conten ts . 

B-3046 1.75 I.E.14 Wide range of swell ing, f rom 6.5 to 16.9%, 
could probably be a t t r ibuted to the wide 
difference in si l icon concent ra t ion . 

B-3047 1.73 I.E.15 Low- swelling data were obtained. 

B-3048 1.73 I.E.16 Average swelling comparab le with other 
ex tended-burnup s u b a s s e m b l i e s . 

B-387 1.73 Swelling data were sl ightly lower than the 
expected value. 
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T A B L E I . E . 9 . F a b r i c a t i o n and I r r a d i a t i o n Data for 
E x t e n d e d - b u r n u p D r i v e r - f u e l S u b a s s e m b l y C-2073 

(Ca lcu l a t ed b u r n u p : 1.75 a t . % m a x ; 1.46 a t . % avg) 

In j ec t ion -
c a s t i n g 

Batch No 

4212 

4213 

4214 

S i l i con 
Content 
of F u e l 
(ppm) 

260 

430 

340 

N u m b e r 
of 

E l e m e n t s 

14 

65 

12 

E l e m e n t 
B u r n u p 
Range 
(at. %) 

1.66-1.73 

1.59-1.73 

1,59- 1.69 

T o t a l Vo 
of Fue 

A v e r a g e 

12.09 

7.04 

6.77 

l u m e Swell ing 
1 ( A v / v ) {%) 

Range 

9 .1-15 .0 

4 .8 -8 .8 

5 ,7-8 .1 

T A B L E I . E . 1 0 . F a b r i c a t i o n and I r r a d i a t i o n Data for 
E x t e n d e d - b u r n u p D r i v e r - f u e l S u b a s s e m b l y C-2170 

( C a l c u l a t e d b u r n u p : 1.50 1 a t . % m a x ; 1.340 at . 7o avg) 

In jec t ion-

B a t c h No. 

63 IH 

64 IH 

64 11 

65 11 

Si l icon 
Conten t 

(ppm) 

369 

333 

302 

313 

N u m b e r 
of 

E l e m e n t s 

1 

3 

1 

26 

E l e m e n t 
B u r n u p 
Range 
(at . %) 

1,387 

1,39- 1,45 

1.1 

1.12-1.38 

A v e r a g e for a l l e 

T o t a l Vol 
of Fue] 

A v e r a g e 

7.31 

10.0 

8.78 

8.77 

l a m e n t s 8,85 

lume Swell ing 
1 ( A v / v ) (%) 

Range 

-
8,7-11,86 

-
7,1-10,00 

T A B L E I .E . I 1. F a b r i c a t i o n and I r r a d i a t i o n Data for 
E x t e n d e d - b u r n u p D r i v e r - f u e l S u b a s s e m b l y B-3036 

(Ca lcu l a t ed bu rnup : 1.522 at . % max ; 1.21 at. % avg) 

In j ec t ion -
c a s t i n g 

B a t c h No. 

32 IH 

33 IH 

79 IH 

Si l icon 
Content 
of F u e l 

(ppm) 

90 

102 

251 

N u m b e r 

E l e m e n t s 

2 

24 

5 

Averag i 

E l e m e n t 
Burnup 
Range 
(at . %) 

1.30-1.46 

1.28-1.52 

1.22-1.365 

e for a l l el eme nts 

To ta l Vo 
of F u e l 

A v e r a g e 

16.0 

13,80 

5,71 

12,64 

lume Swell ing 
( A V / v ) (%) 

Range 

15 .0-17 .0 

8 .93-15 .9 

4 .45 -7 .44 

In j ec t i on -
c a s t i n g 

B a t c h No. 

T A B L E I . E . 1 2 . F a b r i c a t i o n and I r r a d i a t i o n Data for 

E x t e n d e d - b u r n u p D r i v e r - f u e l S u b a s s e m b l y B-3038 

(Ca lcu l a t ed b u r n u p : 1.95 at . % max ; 1.55 at . % avg) 

Si l icon 
Content 
of F u e l 
(ppm) 

N u m b e r 
of 

E l e m e n t s 

E l e m e n t 
Burnup 
Range 
(at. %) 

T o t a l Volume Swell ing 
of F u e l ( A v / v ) (%) 

A v e r a g e Range 

074 IH 390 91 .58-1.92 5.9-10.5 
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T A B L E I .E . 13. F a b r i c a t i o n and I r r a d i a t i o n Data for 
E x t e n d e d - b u r n u p D r i v e r - f u e l S u b a s s e m b l y B - 3 0 4 2 

(Ca lcu la t ed b u r n u p : 1.71 a t . % m a x ; 1.36 a t . % avg) 

In jec t ion-
ca s t i ng 

B a t c h No, 

88 11 

89 IH 

Si l icon 
Content 
of F u e l 
(ppm) 

320 

515 

N u m b e r 
of 

E l e m e n t s 

12 

19 

A' 

E l e m e n t 
B u r n u p 
Range 
(at, %) 

1,47-1,72 

1.43-1,66 

v e r a g e for a l l e] 

T o t a l V o l u m e Swel l ing 
of F u e l ( A v / v ) (%) 

A v e r a g e 

11.05 

5.70 

l e m e n t s 7.77 

R a n g e 

8 . 0 - 1 5 . 7 5 

4 . 6 3 - 7 . 2 7 

T A B L E I .E . 14. F a b r i c a t i o n and I r r a d i a t i o n Data for 
E x t e n d e d - b u r n u p D r i v e r - f u e l S u b a s s e m b l y B-3046 

(Ca lcu la t ed b u r n u p : 1,75 a t , % m a x ; 1,39 a t . % avg) 

In jec t ion-
ca s t i ng 

B a t c h No, 

085 II 

086 II 

092 IH 

Si l icon 
Content 
of F u e l 
(ppm) 

289 

340 

429 

N u m b e r 
of 

E l e m e n t s 

13 

74 

Z 

Average 

E l e m e n t 
B u r n u p 
Range 
(at, %) 

1,48-

1,48-

1,64-

; for 

,1 ,61 

1,66 

1.66 

al l e l e r nents 

To ta l Vo 
of Fue 

A v e r a g e 

13.4 

11.4 

8.1 

: 11.6 

lunne Swel l ing 
1 ( A V / V ) ( % ) 

Range 

9 .6 -16 .7 

6 .5 -16 .9 

8 ,0 -8 ,2 

T A B L E I .E . I 5. F a b r i c a t i o n and I r r a d i a t i o n Data for 
E x t e n d e d - b u r n u p D r i v e r - f u e l S u b a s s e m b l y B-3047 

(Ca lcu la t ed bu rnup : 1.73 at . % max ; 1.37 at . % avg) 

In jec t ion-
c a s t i n g 

Ba tch No. 

086 II 

087 II 

Si l icon 
Content 
of F u e l 
(ppm) 

414 

341 

Numb e r 
of 

Elen-ients 

11 

20 

Ave rag* 

E l e m e n t 
B u r n u p 
Range 
(at. %) 

1.59-1.70 

1.41-1.60 

; for a l l e 

T o t a l Vol 
of F u e l 

A v e r a g e 

8.43 

8.69 

l e m e n t s 8.6 

Lume Swel l ing 
( A v / v ) (%) 

Range 

7 .44-9 .42 

6 .1 -13 .8 

T A B L E I .E .16 . F a b r i c a t i o n and I r r a d i a t i o n Data for 
E x t e n d e d - b u r n u p D r i v e r - f u e l S u b a s s e m b l y B - 3 0 4 8 

(Ca lcu la t ed bu rnup : 1.73 at . % max ; 1.38 at. % avg) 

In jec t ion-
ca s t i ng 

Ba tch No. 

08 7 II 

088 II 

092 IH 

Si l icon 
Content 
of F u e l 
(ppm) 

341 

320 

429 

Numbe r 
of 

E l e m e n t s 

13 

16 

1 

A v e r a g e 

E l e m e n t 
B u r n u p 
Range 
(at. %) 

1.46-1.69 

1.40-1.72 

1.43 

for a l l e l e m e n t s 

T o t a l Volum 
of F u e l (A 

A v e r a g e 

12.82 

11.68 

5,53 

11.97 

le Swel l ing 
v/v)(%) 

Range 

8 .98-16 .30 

6 .16 -15 .34 

-
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TABLE I.E.17. Fabrication and I r radia t ion Data for 
Extended-burnup Driver-fuel Subassembly B-387 

(Calculated burnup: 1.73 at. % max; 1.39 at. % avg) 

Injection-
casting 

Batch No. 

9 IH 

10 IH 

11 IH 

8. Operat ion 

Silicon 
Content 
of Fuel 
(ppm) 

390 

390 

300 

wdth Fai 

Number 
of 

Elements 

12 

15 

3 

Aver a 

-led Fuel (R. R. 

Element 
Burnup 
Range 
(at. %) 

1.52-1.64 

1.50-1.60 

1.46-1.47 

ge for all ele 

Smith) 

;ment£ 

Total Volume Swelling 
of Fuel (AV/v) (%) 

Average 

9.13 

8.40 

7.3 

i 8.58 

Range 

6.83-13.47 

6.48-10.87 

6.0-8.2 

Last Reported: ANL-7618, pp. 62-69 (Sept 1969). 

a. Defective Claddings on EBR-II Driver Fuel Elements 
(G. S. Brunson) 

(i) Defect above Sodium Level. The fuel element selected for 
this experiment was pin No. 3, Batch 115 IH, which in the course of routine 
top-weld tests was found to have a defect equivalent to a cylindrical hole 
approximately 1/2 mil in diameter. During the bonding operation, the hole 
apparently became plugged with sodium or sodium oxide. The test specimen 
was assembled into a standard fuel subassembly and inserted in the core. 
At the end of Run 38B, the specimen had undergone the following irradiation 
history; 

Run 

34B 

37A 

38B 

At the end of Run 38B, there was some evidence which 
suggested that re lease of fission products from the test specimen might 
have taken place. However, the evidence also could have arisen from one or 
more inadvertent defects in driver elements. Therefore, consideration 
is now being given to repeating the experiment with a fuel element that has 
a larger drilled defect in the region of the upper weld. 

Reactor 
Position 

3C1 
Basket 

3F2 
Basket 

3B1 
Basket 

Dates 
(1969) 

May 14 
May 28 

Aug. 2 
Sept. 1 

Oct. 1 
Oct. 17 

Exposure 
(MWd) 

310 

1196 

600 

Pea 
B 

k Accumulated 
urnup (at. %) 

0.10 

0.49 

0.70 
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(ii) Defect below Sodium Bond and Fuel Level. A technique has 
been developed for producing a defective fuel element to serve as a test 
specimen for this experiment. The steps are as follows: 

1. A slot 40 mils wide and 40 mils deep is machined across 
the top of a standard spade. 

2. A 30-mil hole is drilled axially upward through the 
spade until a pimple becomes visible in the bottom of the slot. 

3. A laser penetration of 1-3 mils in diameter is made at 
the center of the pimple. 

4. The spade is then welded in the usual fashion to a 
standard jacket, and a leaktest is made to establish that the hole is still open. 

5. The hole is then covered with a weld, and the jacket is 
retested to ensure that the leak has been sealed. 

6. The experimental jacket is then loaded, welded, leak-
tested, bonded, and bond-tested by the normal cold-line procedure. 

7. As a last step before incorporating the test element 
in a fuel subassembly, the cover weld is drilled through. 

This procedure has been followed with four elements to 
establish its feasibility. The results were entirely satisfactory in that 
leaks were produced and all elements survived bonding operations despite 
the fact that the 2000 impacts delivered resulted in substantial peening of the 
upper end of the spade. The 40-mil slot served to prevent closure of the leak 
from this cause. 

b. Studies with Reactor Cover-gas Monitor (G. S. Brunson) 

Information relating to recent tests with the reactor cover-gas 
monitor (RCGM) was presented in the Progress Report for August 1969, 
ANL-7606, pp. 63-66. Illustrations for much of the mater ia l presented in 
that report are given in the following. 

Figure I.E.6 i l lustrates the equilibrium gamma spectrum "seen" 
by the RCGM. In one experiment, the gas sample volume was isolated and 
the activity allowed to decay. The spectra observed as a function of time are 
also shown. It is interesting to note that a peak identified as ^^Ne (not iden­
tified in Fig. I.E.6) disappears in a very few minutes. 

Figure I.E.7 is the spectrum obtained from an 8-hr-old gas 
sample with a GeLi solid-state spectrometer . Because of the age of the 
sample, shorter- l ived activities are missing. A comparable on-line spec­
trum would show lines for "Ne and for as many as six short-l ived Xe and 
Kr isotopes. 
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lo' 

E S R - I I COVER GtS 

4 0 0 - m i r COUNT 

( H I D - T I H E OF COUNT: 

500 min AFTER SAMPLING] 

Fig. I.E.6. Equilibrium Gamma Spectrum "Seen" by Reactor Cover-gas Monitor 

60 SO 100 

CHANNEL NUMBER 

Fig. I.E.7. Spectrum of 8-hr-old Cover-gas Sample 
Measured with a GeLi Solid-state Detector 

F i g u r e I . E . 8 i l l u s t r a t e s t h e 

e r r a t i c n a t u r e of t h e R C G M r e s p o n s e 

d u r i n g a r e a c t o r s t a r t u p . T h e p l o t 

r e p r e s e n t s r e a c t o r p o \ v e r a t a AT of 

2 8 ° F , w h i c h c o r r e s p o n d s t o a p p r o x i ­

m a t e l y 10 M W t . A t t h a t p o i n t i n t h e 

s t a r t u p , t h e f i s s i o n - p r o d u c t c o m p o n e n t 

in t h e c o v e r - g a s s y s t e m i s s m a l l , a n d 

t h e i n v e n t o r y of t h e r e l a t i v e l y s h o r t ­

l i v e d •^Ne i s o t o p e i s n e a r s a t u r a t i o n . 

F i g u r e I . E . 9 s h o w s t h e r e s u l t s d u r i n g 

s t a b l e 5 0 - M W t o p e r a t i o n . B y v a r y i n g 

t h e f l o w r a t e of t h e s e c o n d a r y s o d i u m , 

t h e b u l k s o d i u m t e m p e r a t u r e w a s 

d r i v e n u p w a r d a f e w d e g r e e s on a 

m i l d r a m p . H e r e a g a i n , t h e c h a n g e i n 

t e m p e r a t u r e a p p a r e n t l y a f f e c t s t h e 

r e l e a s e r a t e of N e , t h e e f f e c t s of 

w h i c h a r e s e n s e d in t h e X e a n d ' ^^Xe 

c h a n n e l s t h r o u g h a c h a n g e in t h e 

C o m p t o n b a c k g r o u n d . 

C a l c u l a t i o n s h a v e b e e n p e r ­

f o r m e d i n a n e f f o r t t o c o r r e l a t e t h e 

e x p e c t e d g e n e r a t i o n r a t e of N e w i t h e x p e r i m e n t a l r e s u l t s . N e i s g e n e r a t e d 

i n t h e r e a c t i o n ^^Na(n ,p )^^Ne f o r n e u t r o n s h a v i n g e n e r g i e s in e x c e s s of 
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= 4 MeV. The conf igura t ion for Run 27 was a s s u m e d to be t y p i c a l . The 
r e s u l t s of the c a l c u l a t i o n s ind ica ted that a p p r o x i m a t e l y 3% of the flux fel l 
in the u p p e r m o s t e n e r g y g r o u p . A s s u m i n g that the flux in th i s g r o u p h a s 
the shape of the f i s s ion t a i l , it was c a l c u l a t e d f rom ex i s t i ng da ta for n e u t r o n 
c r o s s s e c t i o n s that the effect ive g r o u p c r o s s s e c t i o n was 11.5 m b . Since 
the qua l i ty of a v a i l a b l e c r o s s - s e c t i o n and s p e c t r a l da ta is q u e s t i o n a b l e , 
e r r o r s in the c r o s s - s e c t i o n va lue m a y be as l a r g e as f a c t o r s of 2 - 3 . 

Fig. I.E.8. Response of Reactor Cover-gas Monitor during a 
Typical Reactor Startup. Note the correlation 
between bulk sodium temperature and indicated 
activity levels. 

Fig. I.E.9. Response of Reactor Cover-gas Monitor at 50 MWt. Note the reduced sensi­
tivities of cover-gas activities to variations in bulk sodii,,. --- , 
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An effect ive c o r e v o l u m e c o r r e s p o n d i n g to 91 s u b a s s e m b l i e s 
w a s a s s u m e d . Such a c o r e con t a in s K 4 5 l i t e r s of s o d i u m weighing = 38 kg 
at o p e r a t i n g t e m p e r a t u r e . An a v e r a g e c o r e flux of 2 x lO'^ n / c m ^ - s e c 
(at 50 MWt) and a high e n e r g y flux of 6 x l O " n / c m ^ - s e c a l s o w e r e 
a s s u m e d . The o v e r a l l p r o d u c t i o n r a t e of ^^Ne is thus 

6 X 1 0 " X ^—^ X 6 X l O " X 11.5 X 1 0 " " = 7 X lO'* " N a a t o m s / s e c 

F l u x ( 0 ) " N a A t o m s (N) C r o s s 
Sec t ion (a) 

F o r c o m p a r i s o n , the p r o d u c t i o n r a t e of '^^Xe f rom t r a m p u r a n i u m 
is a s fo l lows , a s s u m i n g 7 mg of ^^^U as the effect ive t r a m p quant i ty and us ing 
6% as the y ie ld . At 50 MWt, t h e r e a r e ==1 .5x10 ' ^ f i s s i o n s / s e c , of which 

•r-^ —7 X 1.5 x 1 0 " = 4.5 X 10'° f i s s i o n s / s e c 

2.3 x 10 ' ' 

o c c u r in the t r a m p u r a n i u m , y ie ld ing 

6 X 10"^ X 4.5 X 10'° = 2.6 x 1 O' a t o m s / s e c of '^^Xe. 

Since the Ne p r o d u c t i o n e x c e e d s tha t of Xe f rom t r a m p u r a n i u m by m o r e 
than five o r d e r s of m a g n i t u d e , it is not s u r p r i s i n g that Ne does i n t e r f e r e 
with m o n i t o r i n g Xe and o t h e r noble gas f i s s ion p r o d u c t s . 

c. S tud ies wi th the F u e l E l e m e n t Rup tu r e De tec to r (G. S. B r u n s o n ) 
1 

The fo rego ing c a l c u l a t i o n s sugges t that o the r h i g h - e n e r g y 
r e a c t i o n s , u n c o m m o n e l s e w h e r e , m a y be of i m p o r t a n c e in E B R - I I . The 
c a l c u l a t e d c r o s s s e c t i o n for the r e a c t i o n Na(n,a) F is 5.4 m b . The p r o ­
duc t ion r a t e of F p e r l i t e r of s o d i u m in the c o r e is c a l c u l a t e d a s 

6 X 10'^ X ( 8 . 5 x l 0 y 2 3 ) X 6 X l O " x 5.4 x 1 0 " " = 7.2 x lO'^ a t o m s / l i t e r - s e c . 

^°F h a s an 1 1 - s e c half- l i fe , or X = 6 x 10 '^ , and y ie lds a 1.63-MeV g a m m a in 
100% of i ts d i s i n t e g r a t i o n s . 

A s s u m i n g tha t the t r a n s i t t i m e of s o d i u m th rough the c o r e is 
l / l O s ec and that two h a l f - l i v e s a r e r e q u i r e d to r e a c h the E B R - I I fuel 
e l e m e n t r u p t u r e d e t e c t o r (FERD) s y s t e m , the g a m m a - e m i s s i o n r a t e for ^ " F 
in the F E R D g e o m e t r y would be 

( l / l O ) X 7.2 x 10'^ X (1 /4) X 6 X 10"^ = 1.1 X 10'° d i s / l i t e r - s e c . 
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For comparison, the measured Na 50-MWt equilibrium activity 
is 0.54 Ci / l i ter or 

0.54 X 3.7 X 10'° = 2 X 10'° d i s / l i t e r - s ec , 

and the yield is 100% for both 1.37- and 2.76-MeV gammas. 

On the basis of energy and disintegration rate, the above 
estimates suggest that F might contribute as much as 15% of the gamma 
activity in the FERD. 

During Run 38B, a gamma chamber was located in place of one 
of the neutron counters in the FERD. Although analysis is not complete, 
there has been no sudden change in gamma intensity during startup and shut­
down (or reactor trip) as would occur if the 11-sec ^°F were a substantial 
contributor. The inference is that the estimate for ^°F is in e r ro r , possibly 
through an e r ro r in the cross section. This does not rule out the possibility 
of other short-lived gamma emitters being in the sodium, which, however, 
may be of too low an energy to compete with the hard "Na gammas in 
penetrating the 2 in. of lead between the sodium pipe and the detector. 
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F. EBR-II Operations 

1. Reactor Plant (G. E. Deegan) 

Last Reported: ANL-7618, pp. 70-71 (Sept 1969). 

Run 38A. the initial reactor run at 62.5 MWt, was completed on 
September 28 after 517 MWd at that power level. The reactor then was 
operated at 50 MWt for 600 MWd in Run 38B. The reactor was shut down 
on October 16 for an extended period of maintenance and for installation of 
the instrumented subassembly. The cumulative total of EBR-II operation 
IS 30,040 MWd, 

Operation at 62,5 MWt was satisfactory; however, a problem with 
the steam-bypass system was encountered while testing the system with 
full bypass flow. Improper response of the bypass valve caused oscilla­
tion of the s team-sys tem flow. A review of the valve and its controller 
will be made, and remedial action will be taken. 

At the beginning of Run 38B, rod-drop experiments with the stain­
less steel rod were performed at 500 kW, 50 MWt, and again at 500 kW. 
The resul ts of the two 500-kW rod drops are being compared. Run 38B, 
which was concluded on October 16, was interrupted by two scrams. 

Cooldown of the plant began on October 18, and the secondary sys­
tem was dumped the following day. Shutdown activities have begun while 
cooldown to ambient is being completed. 

The loading changes for Run 38B included the reinstallation or r e ­
location of experimental and surveillance subassemblies which were re­
moved or relocated for the 62.5-MWt operation during Run 38A. Five new 
or reconstituted experimental subassemblies also were loaded. The follow­
ing additional changes were made for Run 38B: 

Seven spent driver subassemblies and one depleted-uranium inner-
blanket surveillance subassembly were replaced. The three previously 
i r radiated Mark-II-fuel subassemblies were reinstalled in the grid, and 
three new Mark-II-fuel subassemblies also were installed. One reconsti­
tuted 70%-enriched subassembly was installed, and one controlled-flow 
subassembly and the upper-leaky-weld-test subassembly were reinstalled. 

After Run 38B, experimental Subassembly X065A was removed from 
the grid for t ransfer to the Fuel Cycle Facility. Three spent driver sub­
assembl ies were replaced by dummies to give increased shutdown margin 
during the long shutdown. Control rod No. 6 was removed from position 5F3, 
and the position was left vacant for installation of the instrumented 
subassembly. 



2. Fuel Cycle Facili ty (M. J. Feldman) 

Last Reported: ANL-7618, pp. 71-78 (Sept 1969). 

a. Fuel 

(i) Cold-line Production and Assembly. Operation of the cold 
line for the production of Mark-IA fuel elements continued. Table I.F.I 
summarizes the production activities for September 16 through October 15, 
1969, and for the year to date. Two Mark-IA subassemblies were fabri­
cated in the cold line during the month. 

(ii) Outside Fuel Procurement 

(a) Impact Bonding of Unbonded Vendor Elements . ANL 
has impact bonded all the 2179 unbonded elements received from Aerojet-
General Corp. ( A G O ) , A total of 10,000 such elements will be so processed. 
Of the 2179 elements bonded, 1979 were accepted. The p r imary causes of 
rejection were voids (112 elements) and low sodium level (67 elements). 

(b) Inspection of Vendor Fuel. An additional 225 AGC-
fabricated elements were received this month, but were not inspected. The 
current number (as of October 15, 1969) of AGC elements available after 
verification inspection is 22,394. This figure does not include unbonded 
AGC elements that were impact bonded by ANL. 

b. Surveillance (M. J. Feldman, J. P. Bacca, and E. R. Ebersole) 

(i) Postirradiat ion Analysis of EBR-II Fuel ( j . P . Bacca) 

(a) Surveillance of Vendor-produced Fuel 

(1) Fuel-character izat ion Studies. Listed below, to­
gether with the results of their postirradiation examination, are driver sub­
assemblies that were irradiated as part of the program effort to characterize 
the performance of AGC fuel. 

(A) Subassembly C-2211S (calculated burnup max­
imum, 0.39 at. %). This subassembly contained AGC centrifugally bonded 
elements which had been given a "correct ive" heat t reatment by ANL to 
remove preferred orientation (texture) in the fuel pins. The heat t reatment 
consisted of a l-j-hr holding period at 660°C, cooling to room temperature 
in air, then a 2-hr heat treatment at 500°C. One thousand impacts were 
administered to the fuel elements in the cold-line bonders of the Fuel Cycle 
Facili ty during the 500°C treatment. Post irradiat ion-examination resul ts 
for elements from Subassembly C-2211S are summarized in Tables I.F.2 
and I .F.3. As can be seen in Table I.F.2, the "correct ive" heat t reatment 
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TABLE I . F . I . Product ion Summary for F C F Cold Line 

9 /16 /69 through 
10/15/69 

Total 
This Year 

Mark lA Mark II Mark II 

Al loy-prepara t ion runs 
New fuel 
Remel t s 

Total 

Inject ion-cast ing runs 

P ins p r o c e s s e d 
Accepted 
Rejected 

728 
27 

11 

15. 
26 

36 

_ 3 . 
11 

10 

3,496 

116 

3,712 

0 

3,534 

88 

3,247 

336 

31 

24,313*' 
23_407b.c 

1,240*' 

2,179<^ 

941 
53 

884 

69' 

804 
21 

934 
9 

6 

E l e m e n t s w e l d e d 569 0 

E l e m e n t s r e w e l d e d 0 0 

E l e n n e n t s l e a k t e s t e d 

A c c e p t e d 809 0 
R e j e c t e d 37 0 

E l e m e n t s b o n d t e s t e d 
A c c e p t e d 354 0 
R e j e c t e d 17 0 

S u b a s s e m b l i e s f a b r i c a t e d ( c o l d - l i n e fue l ) 2 0 

B o n d e d e l e m e n t s r e c e i v e d f r o m v e n d o r 2 2 5 
I n s p e c t e d a n d a c c e p t e d 0 
I n s p e c t e d a n d r e j e c t e d 0 

U n b o n d e d e l e n n e n t s r e c e i v e d f r o m v e n d o r 0 
I m p a c t - b o n d e d , i n s p e c t e d , and 

a c c e p t e d b y A N L 1,111 1.979 

I m p a c t - b o n d e d , i n s p e c t e d , a n d 
r e j e c t e d b y A N L 117 * 190 

S u b a s s e m b l i e s f a b r i c a t e d ( v e n d o r fue l ) 4® 16 

T o t a l e l e m e n t s a v a i l a b l e f o r s u b a s s e m b l y f a b r i c a t i o n a s of 1 0 / 1 5 / 6 9 

C o l d - l i n e fue l 
M a r k l A 1,068 
M a r k II 234 

V e n d o r fue l ( M a r k l A ) 2 2 , 3 9 4 ^ 

^ I n c l u d e s 64 e l e m e n t s in w h i c h v i s u a l e x a m i n a t i o n of w e l d s i n d i c a t e d t h a t t h e y w e r e n o t a c c e p t ­
a b l e f o r p o t e n t i a l l y h i g h - b u r n u p e x p e r i m e n t s . 

^ T o t a l i n c l u d e s f i g u r e s fo r 1968 . 
^ I n c l u d e s fue l e l e m e n t s r e t u r n e d t o v e n d o r f o r r e w o r k t o c o r r e c t v o i d s in s o d i u n n b o n d a n d 

a f t e r r e w o r k s e n t b a c k t o A N L f o r r e i n s p e c t i o n . 
•^Ten u n b o n d e d v e n d o r e l e m e n t s w e r e s e t a s i d e fo r h i s t o r i c a l s a m p l e s . 
^ E a c h s u b a s s e m b l y i s m a d e u p of a m i x t u r e of n o n b o n d e d v e n d o r e l e m e n t s t h a t w e r e s u b s e ­

q u e n t l y i m p a c t b o n d e d b y A N L a n d of c o l d - l i n e fue l e l e m e n t s . 
^ I n c l u d e s s u b a s s e m b l i e s m a d e u p of a m i x t u r e of v e n d o r a n d c o l d - l i n e fuel e l e m e n t s . 
S T h i s f i g u r e d o e s n o t i n c l u d e v e n d o r e l e m e n t s t h a t w e r e i m p a c t b o n d e d b y A N L . 
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TABLE I.F.2. Post i r radiat ion Lengths of Fuel Pins f rom Subassembly C-2211S 

(Calculated bu rnup : 0.39 at. % max; 0.34 at. % avg) 

AGC Fuel Pins 

The fo l lowing as-fabricated AGC fuel elements were subjected to an ANL remedial tieat t reatment cons is t ing of holding at 660^0 for 1-1/2 h r , 

cooling in a i r to room temperature, then heat t reat ing at 5(XPC for 2 hr in the co ld- l ine bonders, at wh ich t ime the elements received 

1000 impacts. 

AGC Batch 200 

Element No, 

2 

13 

30 

33 

35 

38 

41 

54 

60 

72 

90 

l eng th ( in.) 

135 

13.5 

13.5 

13.5 

13.5 

135 

13.5 

13.5 

135 

13.5 

13,5 

AGC Batch 295 

Element No. 

7 

20 

23 

27 

56 

59 

70 

79 

83 

87 

The fol lowing AGC as-fabricated elements 

AGC Batch 200 

Element No. 

17 

40 

46 

80 

leng th ( in.) 

13.2 

13.1 

132 

13.0 

The post irradiat ion length 

l eng th l i n . 

135 

135 

135 

135 

13.5 

135 

135 

13.5 

13.5 

13.5 

received no 

AGC Batch 295 

Element No. 

15 

28 

45 

78 

leng th ( in . 

130 

131 

130 

13.0 

of each of Ihe fue l pins in 

AGC Batch 399 

) Element No. 

5 

8 

24 

29 

36 

42 

50 

52 

55 

63 

68 

74 

89 

leng th ( in.) 

135 

135 

115 

13.5 

13.5 

13.5 

115 

115 

115 

115 

115 

115 

115 

AGC 

Element No 

3 

10 

14 

26 

43 

57 

61 

69 

75 

81 

85 

91 

postbondlng remedial heat treatment. 

AGC Batch 399 

) Element No. 

16 

37 

62 

76 

ANl Cold-

the 12 co ld- l ine 

length (in.) 

131 

12.9 

130 

13.4 

line Pins 

AGC 

Element No 

4 

25 

58 

82 

as-fabricated elements inc 

Batcti 500 

length (in 

135 

135 

135 

135 

135 

135 

135 

135 

135 

135 

135 

135 

Batch 500 

length (in. 

131 

132 

111 

130 

luded in this 

AGC Batch 575 

.) Element No. 

6 

9 

12 

21 

22 

39 

44 

47 

53 

65 

73 

84 

86 

length (in.) 

115 

115 

115 

115 

115 

115 

115 

135 

135 

115 

115 

115 

115 

AGC Batch 575 

) Element No. 

11 

31 

48 

66 

subassembly was 

length (in.) 

H I 

111 

130 

111 

135 in. 

TABIE I.F.3 Eabrication and Irradiation Data for Subassembly C-2211S 

(Calculated burnup; 0.39 at. % max; 0.34 at. % avg) 

Injection-

casting 

Batch No. 

AG 200 

AG 295 

AG 399 

AG 500 

AG 575 

ANl Cold- l ine Fuel 

147 I 

Sil icon 

Content 

of Fuel 

(ppm) 

450 

421 

400 

420 

500 

Number 

of 

Elements 

15 

14 

17 

16 

17 

Element 

B u r n u p 

Range 

(at. %) 

0.36-0.39 

0.36-0.39 

0.36-0.39 

0.36-0.39 

0.36-0,39 

Total Volume Swell ing 

of Fuel ( 4V /V , W 

Average Range 

1,3 

1.2 

1.2 

1.2 

1.1 

0.1-2.0 

0,6-2,4 

0.8-1,9 

0,8-2,2 

0,2-2,3 

apparently was effective in eliminating texture in the fuel. This was evi­
denced by the absence of pin shortening and radial growth during i r rad ia ­
tion, at least to this burnup level. Irradiation swelling of the fuel, shown 
in Table I .F.3, is reasonably consistent with that observed for ANL-
produced fuel. 

(B) Subassembly C-2210 (calculated burnup max­
imum, 0.37 at. %). This subassembly contained fuel elements utilizing 
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ANL-cast pins which had been either impact bonded by ANL or centrifu­
gally bonded by AGC. Postirradiat ion data for these elements are summa­
rized in Tables I.F.4 and I .F.5. It can be observed in Table I.F.4 that the 
centrifugal bonding (as conducted by AGC) did introduce texture in the ANL 
fuel, such as is evidenced by the shortening of the centrifugally bonded 
elements during irradiation. This experiment essentially completes the 
proof for the hypothesis that centrifugal bonding during fabrication is the 
cause of dimensional instability of the AGC driver fuel during irradiation. 
Irradiation swelling of the fuel in Subassembly C-2210, as shown in 
Table I .F.5, was as expected. 

TABIE I.F.4. Postirradiation lengths of Fuel Pins from Subassembly C-2210 

ICalculated burnup; 0.37 at. % max; 0,31 at, % avg) 

AGC Cenlrifi 

Element No. 

1 
5 

10 
14 
20 
26 
30 
33 
41 
46 
51 
55 
58 
66 
70 
71 
77 
80 
83 
88 

Average 

ANl Batch 145 1 

ugal Bonding 

length lin.) 

113 
13,0 
112 
110 
112 
110 
110 
111 
110 
112 
110 
114 
130 
111 
110 
110 
130 
112 
111 
110 

1109 

ANl 1 

Element 

3 
7 

13 
16 
23 
28 
34 
36 
39 
43 
48 
53 
60 
64 
67 
72 
74 
85 
86 
90 

mpact Bonding 

No, length (in,) 

135 
13.6 
115 
115 
115 
116 
115 
116 
115 
115 
115 
115 
115 
115 
116 
115 
115 
116 
115 
115 

1153 

AGC Centr 

Element No 

4 
11 
17 
21 
24 
27 
31 
37 
44 
49 
52 
56 
59 
63 
69 
73 
76 
79 
84 
89 

ANl Batch 146 1 

ifugal Bonding 

length (in.) 

12.8 
110 
12.9 
110 
12.9 
110 
12.9 
12.9 
12.9 
12.9 
12.9 
12.9 
110 
12.9 
110 
12.9 
12.8 
12.9 
12.9 
12.9 

12.92 

AN! Im| 

Element No 

2 
9 

12 
15 
19 
22 
25 
29 
35 
42 
47 
50 
54 
57 
61 
65 
75 
78 
82 

. 87 

]act Bonding 

1, length (in,) 

115 
115 
115 
115 
135 
135 
135 
135 
136 
135 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 

1150 

ANl Batch 147 1 

ANL Impact 

Element No, 

6 
8 

18 
32 
38 
40 
45 
62 
68 
81 
91 

Bonding 

length lin,) 

115 
115 
115 
115 
115 
115 
115 
115 
116 
115 
114 

1150 

TABLE I.F.5. Fabrication and Irradiation Data for Driver-fuel Subassembly C-2210 

(Calculated burnup: 0.37 at. % max; 0.31 at. % avg) 

Total Volume Swelling 
of Fuel (AV/V, %) Injection-

casting 
Batch No. 

Silicon 
Content 
of Fuel 
(ppm) 

Number 
of 

Elements 

Element 
Burnup 
Range 
(at. %1 

145 I 
146 I 
147 1̂  

330 
475 

0.34-0.37 
0.34-0,37 
0.34-0.37 

Average 

1,9 
1,6 
1,7 

Range 

0,7-53 
0.9-3,7 
1.2-2.4 

3|mpact-bonded cold-tine fuel. 

(C) Subassembly C-2182 (calculated burnup max­
imum, 0.88 at. %). This subassembly contained only AGC centrifugally 
bonded elements and represents the highest burnup achieved to date for 
elements "as-provided" by AGC. Tables I.F.6 and I.F.7 show post i r radia­
tion data obtained for the elements. It can be observed in Table I.F.6 that 
fuel-pin shortening has continued beyond that observed ear l ier for similar 
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fuel i rradiated in Subassembly C-2178 to a peak burnup of 0.6 at. %. As 
shown in Table I.F.6, maximum shortening of 1.1 in. has resulted in one 
pin ( A G C Batch 119, Element No. 14). Pre l iminary analysis of measure ­
ments of element (pin plus cladding) diameter does not indicate that diame­
t r a l straining of the cladding has occurred as a result of the shortening 
and accompanying diametral growth of the fuel pins and as a result of the 
inherent irradiation swelling of the fuel at this burnup level. Irradiation 
swelling of the fuel, shown in Table I.F.7, appears to be much as expected. 

TABIE l,F,6, Postirradiation lengths ol Fuel Pins in Subassembly C-2182' 

(Calculated burnup; 088 at, % max; 0.74 at. % avg) 

AGC Batch 100 

Element No, Length (in.) 

6 
16 
18 
38 
55 
76 
80 

Average 

AGC Batch 

12.6 
12.6 
12.6 
135 
12,7 
12,6 
12,8 

12.77 

119 

E)ement No. length (in.) 

5 
10 
14 
30 
33 
37 
45 
53 
67 
70 
73 
79 
89 

Average 

12.5 
12.7 
12.4 
12.6 
12.6 
12.7 
12.5 
12.7 
12.5 
12.5 
12.5 
12.5 
12.7 

12.57 

AGC Batch 107 

Element No. 

2 
11 
15 
21 
26 
44 
49 
52 
74 
78 
84 
87 

length (in.) 

12.5 
12.6 
12.6 
12,6 
12,6 
12-8 
12,6 
12,5 
12,6 
12.7 
12.5 
12.6 

12,60 

AGC Batch 150 

Element No. 

4 
8 

24 
29 
32 
36 
40 
41 
56 
58 
60 
72 
77 
82 
90 

length (in,) 

12,6 
12.9 
12.6 
12,9 
12,9 
12,6 
12,9 
12,? 
12,6 
12,7 
12,7 
12,8 
12,9 
12,9 
12,6 

12,75 

AGC Batch 112 

Element No, 

13 
19 
23 
35 
43 
47 
62 
65 
68 

length (in.) 

12,5 
12.5 
12.5 
12.5 
12.6 
12.5 
12.6 
12,6 
12,5 

12.53 

AGC Batch 153 

Element No. 

3 
12 
22 
25 
48 
50 
63 
66 
85 
86 

length (in.) 

12.6 
12.8 
12.8 
12.6 
12.8 
12.7 
12.8 
12.6 
12.5 
12.7 

12.69 

AGC Batch 114 

Element No. 

1 
10 
20 
31 
51 
54 
57 
59 
88 

length (in.) 

12.6 
12.6 
12.7 
12.6 
12.5 
12.9 
12.7 
12.9 
12.8 

12.70 

AGC Batch 154 

Element No. 

7 
17 
27 
28 
39 
46 
61 
64 
69 
71 
75 
81 
83 
91 

length (in.) 

12.5 
12.5 
12.6 
12.6 
12.5 
12.5 
12.5 
12.5 
12.5 
12.5 
12.6 
12.5 
12.5 
12.5 

12.52 

^Average postirradiation length for all fuel pins in sutjassembly: 12.6 in. (range, 12.4-13.5 in,). 

TABLE I.F.7, Fabrication and Irradiation Data for Driver-fuel Sutjassembly C-2182 

(Calculated burnup; 0.88 at. % max; 0.7d at. % avg) 

Injection-
casting 

Batch No. 
(AGC No.) 

100 
107 
112 
114 
119 
150 
153 
154 

Silicon 
Content 
of Fuel 
(ppm) 

334 
350 
297 
325 
330 
300 
470 
370 

Number 
of 

Elements 

7 
12 
9 

10 
13 
15 
10 
15 

Burnup 
Range 
(at, %) 

082-0,86 
081-0,87 
a82-0,87 
0.81-0,88 
0,81-0,87 
081-0,87 
080-0,87 
0-80-0,88 

Total Volume Swelling 
of Fuel (AV/V, W 

Average 

34 
33 
37 
33 
15 
38 
33 
14 

Range 

2.8-4.4 
1.4-42 
2,9-50 
1,2-4,3 
2,2-4,9 
2,8-4,4 
1,7-4,2 
1,9-4,6 
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(D) Subassembly C-2195 (calculated burnup max­
imum, 0.35 at. %). Like several subassemblies previously reported, this 
subassembly contained AGC centrifugally bonded fuel. Of significance is 
the fact that the AGC casting batches represented were produced at a con­
siderably later date than those present in the previously examined (and 
reported) subassemblies (C-2178, C-2181, C-2182, C-2183, and C-2189). 
Post i rradiat ion resul ts for Subassembly C-2195 are presented in Tables I.F. 
and I .F.9. As shown in Table I.F.8, shortening of the centrifugally bonded 
elements was similar to that observed for the ear l ier batches of AGC fuel 
in the subassemblies mentioned above. Irradiation swelling, as shown in 
Table I.F.9, also was similar and as expected. 

TABIE I.F.8, Postirradiation lengths of Fuel Pins in Subassembly C-2195 

(Calculated burnup; 0.35 at. % max; 0,29 at, % avg) 

AGC Batch 395 

Element No, 

1 
45 
76 
86 

length (in.) 

110 
112 
113 
110 

Average 1112 

AGC Batch 486 

Element No. 

21 
24 
43 
62 

length (in.) 

113 
111 
135 
113 

Average 1130 

AGC Batch 477 

Element No, 

10 
14 
77 

length (in.) 

113 
130 
130 

1310 

AGC Batch 415 

Element No. 

73 
91 

length (in.) 

112 
132 

1320 

AGC Batch 397 

Element No, 

16 
28 
63 

length lin.) 

I l l 
111 
112 

1113 

ANl Batch 128 1) 

Element No. 

4 
6 

19 
29 
36 
41 
46 
49 
51 
59 
89 

length (in.) 

134 
115 
116 
114 
114 
114 
115 
114 
115 

• 115 
115 

1150 

AGC Batch 456 

Element No length (in.) 

18 110 
23 12.9 
54 110 
70 111 

1300 

TABIE I.F.9. Fabrication and Irradiation Data for Driver-fuel Subassembly C-2195 

ICalculated burnup; 0.35 al. % max; 0.29 at, % avg) 

Injection-
casting 

Batch No, 

Silicon 
Content 
of Fuel 
(ppm) 

Number 
of 

Elements 

Element 
Burnup 
Range 
(at, ») 

Total Volume Swelling 
of Fuel (AV/V, %) 

Average Range 

AG 395 
128 II 
AC 477 
AG 397 
AC 456 
AG 486 
AG 415 

475 
332 
377 
438 
327 

0,32-0,34 
0,31-0,35 
0,32-0,3) 
0,32-0,34 
0,31-OiJ 
0,32-0,35 
0,32-0.34 

0.81 
1.78 
1.40 
0.89 
1,61 
1,54 
1,24 

For Subassembly 1.45 

0,45-1,0 
1,16-2,84 
1.16-1,6 
1.67-1.89 
1.35-1.74 
1.27-1.84 
1,22-1,26 

0.45-2.84 

( E ) Subassembly C-2208 (calculated burnup max­
imum, 0.38 at. %). This subassembly contained AGC elements from the 
same two AGC casting batches which were either AGC centrifugally bonded 
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or ANL impact bonded. The elements were character ized as to the posi­
tions of the respective fuel pins in the casting-mold a r r ay during injection 
casting and as to the orientation of the tops or bottom ends of the castings 
in their respective jacket assemblies . Since the experiment was designed 
during the time period when the anomalous irradiation performance of the 
fuel was thought to be possibly associated with procedures used in the 
injection-casting operation, the intent of the experiment was to investigate 
the effects of cooling rates of the cast pins and the pin-to-jacket loading 
orientation on the dimensional instability of the fuel pins during irradiation. 
Analysis of the postirradiation results for this subassembly did not show 
any observable correlation between the casting and jacket-loading param­
eters mentioned above and dimensional instability of the fuel pins during 
irradiation. Postirradiation length and volume-swelling resul ts , sum­
marized in Tables I.F.IO and I . F . l l , are as expected. 

TABIE I.F.IO. Postirradiation lengths of Fuel Pins in Subassembly C-2208 

(Calculated burnup; 0.38 at. % max; 0.32 at, % avg) 

Centrifugal 

Element No. 

1 
4 

16 
18 
21 
43 
49 
63 
70 
75 

Averagi 

AGC 

Bonding 

Length (in 

130 
132 
130 
130 
131 
132 
13,0 
130 
131 
132 

e 1308 

Batch 633 

Impact Bonding 

.) Element No. 

6 
24 
36 
46 
62 
73 
91 

Length (in.) 

115 
115 
115 
115 
115 
116 
115 

1350 

AGC 

Centrifugal Bonding 

Element No. length (in 

19 
29 
41 
45 
54 
59 
76 
89 

112 
113 
111 
111 
111 
111 
111 
113 

1116 

Batch 628 

Impact Bonding 

.) Element No. 

10 
14 
28 

length (in.) 

115 
115 
115 

1350 

Cold-li 
Batch 

ne Fuel 
119 IH; 

Impact Bonding 

Element No. 

23 
51 
86 

Length (in.) 

115 
115 
115 

1350 

TABLE I.F.ll. Fabrication and Irradiation Data for Driver-fuel Subassembly C-2208 

(Calculated burnupr 0.38 at. % max; 0.32 at. % avg) 

Total Volume Swelling 

c«tin7 of'F'Jei' " i r Ta'^": °' ^"^' "^"^^ " 

Silicon Element 
Injection- Content Number Burnup 
casting of Fuel of Range 

Batch No. (ppm) Elements (at. %) Average Range 

AG 633 428 17 0.32-0.37 1.3 0.62-1.84 
AG 628 390 11 0.32-0.38 1,1 0.81-1.87 
119 IH 486 3 0.20-0.37 2,1 1.99-2,18 

For Subassembly 1.28 

(2) Out-of-pile Support Studies (C. M. Walter) 

A number of mechanisms have been postulated as 
being responsible for the shortening of AGC-produced fuel during i r rad ia ­
tion. This behavior has never been seen in ANL-produced fuel. Prefer red 
orientation, or texture induced during AGC fabrication of the fuel elements, 
has been confirmed as the cause of the shortening, and the AGC centrifugal 
bonding has been found to be specifically responsible for the anomalous 
irradiation behavior of the fuel. 
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X - r a y d i f f rac t ion is a p r i m e tool in c h a r a c t e r i z i n g 
the t e x t u r e of m a t e r i a l s . It h a s been u s e d along wi th i r r a d i a t i o n e x p e r i m e n t s 
to p r e d i c t and ve r i fy the p e r f o r m a n c e of E B R - I I d r i v e r fuel. The X - r a y 
s tud i e s a l s o have f u r n i s h e d s o m e i n f o r m a t i o n on the n a t u r e of the p h a s e s 
p r e s e n t in th i s fuel. 

E l e c t r i c a l r e s i s t i v i t y a l s o h a s been u s e d for s tudy­
ing t e x t u r e ; h o w e v e r , the da ta p r o d u c e d a r e m u c h l e s s d e s c r i p t i v e as to the 
type and d e g r e e of p r e f e r r e d o r i e n t a t i o n than t h o s e ob ta ined by X - r a y t e c h ­
n i q u e s . Al though m e a s u r e m e n t s of e l e c t r i c a l r e s i s t i v i t y a r e h a r d to i n t e r ­
p r e t , they can be m a d e qu ick ly and e a s i l y . 

Be fo re it had been confirimed that t e x t u r e was 
r e s p o n s i b l e for fuel s h o r t e n i n g , fuel s l umping due to o v e r h e a t i n g was con­
s i d e r e d as a p o s s i b l e c a u s e . T h e r e f o r e , da ta on the s l u m p i n g of U-5 wt % 
F s a l loy w e r e deve loped . 

B e c a u s e t e x t u r e h a s b e e n ident i f ied as being r e ­
spons ib l e for the s h o r t e n i n g of AGC fuel and b e c a u s e X - r a y di f f ract ion was 
fotand to be i nva luab l e in i n v e s t i g a t i n g th i s t e x t u r e , the X - r a y s t u d i e s a r e 
s t r o n g l y e m p h a s i z e d in the following d i s c u s s i o n . 

(A) X - r a y S tudies of T e x t u r e in AGC and ANL F u e l 
(M. H. M u e l l e r . H. W. Knott , S. M a t r a s , and 
C. M. W a l t e r ) 

U r a n i u m - 5 wt % f i s s i u m al loy is u s e d for both 
the AGC and ANL fuel. In th i s a l loy ,* s i n g l e - p h a s e 7 ( b o d y - c e n t e r e d cubic) 
i s s t ab l e down to 725°C, at which point p r e c i p i t a t i o n of U2RU (monoc l in ic ) 
b e g i n s . The b e t a ( t e t r a g o n a l ) p h a s e a p p a r e n t l y does not occu r in th i s a l loy . 
P r e c i p i t a t i o n of U^Ru con t inues down to 642°C, at which point 7 beg ins to 
r e j e c t a ( o r t h o r h o m b i c ) p h a s e . The f o r m a t i o n of 6 ( t e t r agona l ) p h a s e o c c u r s 
at 552°C. The p h a s e t r a n s f o r m a t i o n s a r e f a i r l y s lugg i sh in th i s a l loy, so 
tha t a s - c a s t m a t e r i a l con ta ins e s s e n t i a l l y a l l r e t a i n e d 7 . The bonding t r e a t ­
m e n t p e r f o r m e d at 500°C for about 1 hr t r a n s f o r m s the r e t a i n e d 7 to the 
e q u i l i b r i u m p h a s e of a + 6 + U2RU, wi th the m a t r i x being a. The d i f fe rence 
be tween the ANL and AGC p r o c e s s e s l i e s in th i s bonding s t e p . ANL bonds 
by i m p a c t and AGC bonds by a cen t r i fuga l me thod which a p p l i e s a s t r e s s on 
the fuel d u r i n g the 7 -• a t r a n s f o r m a t i o n . It i s th i s s t r e s s du r ing the t r a n s ­
f o r m a t i o n tha t a p p a r e n t l y p r o d u c e s the u n d e s i r a b l e t e x t u r e in the t r a n s f o r m e d 
o r t h o r h o m b i c a. p h a s e . 

F o r an a - u r a n i u m s a m p l e having a s m a l l g r a i n 
s i z e tha t i s e n t i r e l y r a n d o m l y o r i e n t e d , the d i f f rac t ion p a t t e r n h a s been w e l l -
e s t a b l i s h e d , and the r e l a t i v e i n t e n s i t i e s of the d i f f rac t ion p e a k s have been 

* Zegler, S. T., and Nevitt, M. V., Structures and Properties of Uranium Fissium Alloys, ANL-6116 (July 1961). 
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recorded. A sample possessing some degree of preferred orientation will 
exhibit diffraction peaks that have different relative intensities because of 
deviations fromi randomness. A measure of nonrandoirmess of a sample 
can be determined by observing the relative intensities of some number 
of these diffraction peaks, or reflections. 

The so-called triplet reflections [(110), (021), 
and (002)] often have been used to describe the texture in a-uranium quali­
tatively. These reflections have been chosen because they have high inten­
si t ies, appear m the front reflection region (i.e., they can be looked at in 
a bulk sample by using a diffractometer), and are at least qualitatively rep­
resentative of the three crystallographic directions in a-uranium [i.e., (110) 
with the "a" direction, (021) with the "b" direction, and (002) with the 
"c" direction]. During irradiation, a -uranium has been found to grow in 
the "b" direction, to shrink in the "a" direction, and to be dimensionally 
stable in the "c" direction. Therefore, an abundance of "b"-direction 
orientation along the axis of a fuel pin would tend to show up as a grea ter -
than-random relative intensity for the (021) reflection in a t r ansverse sec­
tion of the fuel pin and would result in an axial-growth texture. Conversely, 
an abundance of "a"-direction orientation along the axis of a fuel pin would 
tend to show up as a greater - than-random relative intensity for the (110) r e ­
flection in a t ransverse section of the fuel pin and would result in radial-
growth or axial-shortening texture. This shortening is the problem with 
AGC fuel. 

Because the "c" direction [associated with 
the (002) reflection] neither shrinks nor grows during irradiation, it can be 
essentially ignored for discussion purposes here . Only the relationship 
between the (UO) and (021) reflections will be utilized in this qualitative 
analysis of texture. 

Table I.F.I 2 lists the relative intensities of 
tr iplet reflections for cast and bonded pins. In this table, "tops" and 
"bottoms" refer to the top and bottom of the pin with respect to the fuel 
element, not with respect to the casting. This is an important point because 
it has been postulated that preferred orientation is due to the s t ress pro­
duced on the pin during transformation from 7 to a during centrifugal 
(AGC) bonding. If this reasoning is valid, the s t ress during centrifugal 
bonding should be greatest near the bottom of the pin, and, accordingly, 
the preferred orientation should be greatest near the bottom of a pin that 
has been bonded centrifugally. This rationale is substantiated by the r e ­
sults of examinations of three AGC-cast and -bonded pins (traces 6, 7, 8, 
9, 10, and 11 in Table I.F.12). According to the (110) and (021) reflections, 
these pins tend to show more random orientation in the tops than in the 
bottoms. The bottoms have a definite excess of (UO) or "a"-type orienta­
tion, which indicates a radial-growth texture. This finding is consistent 
with irradiation results with this fuel, which show that radial growth is 
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g r e a t e s t n e a r the b o t t o m of the fuel, t h e r e b y giving the o v e r a l l net effect 
of a x i a l s h o r t e n i n g . On the o the r hand, the r e l a t i v e i n t e n s i t i e s for ANL-
c a s t and -bonded fuel ( t r a c e s 2, 3, 4, and 5) show n e a r - r a n d o m o r i en t a t i on 
for tops and b o t t o m s , a c c o r d i n g to the (HO) and (021) r e f l e c t i o n s , and a r e 
c o n s i s t e n t wi th the fact t ha t th i s type of fuel has n e v e r shown p r e f e r r e d 
r a d i a l g rowth (ax ia l s h o r t e n i n g ) . 

X-ray 
Trace No. 

TABLE I.F.12. Relative Intensities of Triplet Rellections lor Cast and Bonded Pins 

Description Pin No. Batch No. 

Relative Intensities 

(1101 (021) (0021 

1 Random a uranium - - 0.7 1.0 0.5 
2 ANL-cast and -bonded (top) 6 ANL-047 IH 0.8 I.O 0.6 
3 ANL-cast and- t»nded (bottom) b ANL-047 IH 0.8 1.0 0.7 
4 ANL-cast and -bonded (top) 72 ANL-0457 EUf 0,8 1.0 1,5 
5 ANL-cast and -bonded (bottom) 72 ANL-0457 EUF 0,8 1.0 0.5 
6 AGC-cast and -bonded ((op) 02301 AGC-107 0.7 1,0 0.9 
7 AGC-cast and -bonded (bottom) 02301 AGC-107 l . I 1.0 0.7 
8 AGC-cast and -bonded (top) 40332 AGC-546 0.9 1.0 0.9 
9 AGC-cast and -bonded (bottom) 40332 AGC-546 1.0 1.0 1.1 

10 AGC-cast and -bonded (lop) 01888 AGC-107 0.8 1.0 0.7 
11 AGC-cast and -bonded (bottom) 01888 AGC-107 1.0 1.0 0-5 
12 AGC-cast and ANL-bonded (top) 17684 AGC-577 0.8 l.D 0.6 
13 AGC-cast and ANL-bonded (bottom) 17684 AGC-577 0.8 1.0 1.0 
14 AGC-cast, heal treated 1 hr @ SOO^C. and AGC-bonded (topi 44870 AGC-620 0.8 1.0 0.8 
15 AGC-cast, heat treated 1 hr g 500°C, and AGC-bonded (center! 44870 AGC-620 0.8 1.0 0.7 
16 AGC-cast. heal treated 1 hr ^ 500°C, and AGC-bonded (bottomi 44870 AGC-620 0.7 1.0 0,7 
17 AGC-cast and -bonded, heal treated 1 hr @ 675°C and second 

heat IreatmenI 2 hr ^ 5Q(PC ItopI 02301 ACC-107 0.7 1.0 0.7 
18 AGC-cast and -bonded, heal treated 1 hr @ 675''C and second 

heat Irealment 2 hr fe 50CPC 'boltomi 02301 AGC-107 0.8 1,0 0.5 
19 ANL-cast and -bonded, heal treated 1 hr fe 675''C and second 

heat Irealment 2 hr @ 3Q(fiC (tapl 72 ANL-0457 EUF 0.8 1.0 0.7 
20 ANL-cast and -bonded, heal treated 1 hr is 6750C and second 

heat Irealment 2 hr fe ^OO^C ibotlomi 72 ANL-0457 EUF 0.8 1.0 0.6 
21 AGC-cast and -bonded, heat treated 1.5 hr QfAlfiC and second 

heat Irealment 2 hr fe 5O0OC Itopl 14131 AGC-295 0.8 1.0 0.6 
22 AGC-cast and -bonded, heal treated 1 5 hr ? bblfiC and second 

heat Irealment 2 hr ^ 5O0PC (boltomi 14131 AGC-295 0.8 1.0 0.6 

T h e s e r e s u l t s ^indicate that the AGC p r o c e s s 
for f a b r i c a t i n g fuel e l e m e n t s should be changed to p r e v e n t the i n t roduc t ion 
of u n d e s i r a b l e t e x t u r e s . Two a p p r o a c h e s a r e p o s s i b l e . I m p a c t bonding 
could be u s e d i n s t e a d of cen t r i fuga l bonding. The X - r a y r e s u l t s ( t r a c e s 12 
and 13) show tha t fuel c a s t by AGC and i m p a c t bonded by ANL has n e a r l y 
r a n d o m o r i e n t a t i o n . I r r a d i a t i o n r e s u l t s show that t h i s fuel does not s h o r t e n 
dur ing i r r a d i a t i o n , t h e r e b y confirnning the p r e d i c t i o n s b a s e d on the X - r a y 
d i f f rac t ion s t u d i e s . The second a p p r o a c h is hea t t r ea tnnen t of the a s - c a s t 
fuel to t r a n s f o r m r e t a i n e d 7 to a be fo re cen t r i fuga l bonding, thus e l i m i n a t ­
ing s t r e s s du r ing t r a n s f o r m a t i o n . The X - r a y r e s u l t s ( t r a c e s 14, 15, and 16) 
show tha t fuel c a s t by AGC, hea t t r e a t e d for I h r a t 500°C, and cen t r i fuga l ly 
bonded by AGC h a s n e a r l y r a n d o m o r i e n t a t i o n . I r r a d i a t i o n r e s u l t s show tha t 
th i s type of fuel a l s o does not s h o r t e n dur ing i r r a d i a t i o n , aga in con f i rming 
the p r e d i c t i o n s b a s e d on X - r a y d i f f rac t ion s t u d i e s . It can be conc luded tha t 
e i t h e r change in the p r o c e s s would p r o d u c e fuel devoid of u n d e s i r a b l e t e x t u r e . 

F i n a l l y , m e a n s for r e c l a i m i n g the fuel tha t a l ­
r e a d y has been f a b r i c a t e d by AGC c a s t i n g i m m e d i a t e l y fol lowed by AGC c e n ­
t r i f uga l bonding w e r e i n v e s t i g a t e d . F u e l f a b r i c a t e d by th i s p r o c e s s a l r e a d y 
c o n t a i n s an l andes i rab le t e x t u r e in the t r a n s f o r m e d a p h a s e . The log ica l 
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heat t reatment required to remove this texture involves transforming all 
the a-uranium back to 7 phase by heating above 642°C and then r e t r a n s -
forming the new 7 back to a by heat t reatment at 500°C. The X-ray r e ­
sults after performing such a double heat t reatment are given in t races 17, 
18, 19, and 20; these t races should be compared to t races 4, 5, 6, and 7, 
which were taken before the heat t reatments . Data for an ANL-cast and 
-bonded pin (traces 4, 5, 19, and 20) have been included as a reference 
point. The (llO) and (021) reflections show that the randomization resul ts 
from the double heat treatment. X-ray t races 21 and 22, for an AGC-cast 
and -bonded element given a similar double heat t reatment , show results 
similar to those in t races 17 and 18, thereby indicating that this element 
along with others receiving the same heat t reatments should perform sat­
isfactorily under irradiation. About 60 elements given this double heat 
treatment were irradiated during EBR-II Run 37, no pin shortening occurred. 

X-ray texture studies also were made of ANL 
and AGC as-cas t fuel pins. Tops and bottoms of randomly selected pins and 
of pins from the inner and outer portions of the casting bundle were inves­
tigated; no important differences could be detected. This finding is further 
evidence that the undesirable textures obtained during element fabrication 
are related to the AGC centrifugal-bonding technique and not to the pin-
casting process . 

All the ANL texture studies have been only 
qualitative. The intensities were obtained by measuring peak intensities 
above background rather than by measuring integrated intensit ies. The 
peaks are not fully resolved (sharp); therefore, overlapping is almost cer­
tainly present, which resul ts in some contribution of intensity to a given 
peak from adjacent peaks. Because all phases and their associated peaks 
have not been positively identified, there exists the possibility that unre­
solved additional peaks lie below the (110), (021), and (002) a -uran ium 
peaks on which this texture analysis is based. Finally, the three reflec­
tions on which the texture determination is based by no means describe the 
complete texture of a sample; many more reflections must be included to 
ar r ive at even a semiquantitative description of texture A more quantita­
tive study is under way at Savannah River Laboratory. Small differences 
m the intensity ratio of (110)/(021) from random are rather meaningless, 
but larger deviations do appear to be significant Without the resul ts of 
irradiation behavior, however, it would have been quite difficult to differ­
entiate between meaningful and meaningless X-ray intensity rat ios . 

The following conclusions can be drawn from 
the X-ray studies and the irradiation resul ts . 

1. AGC should be able to produce fuel pins, 
either by impact bonding or by heat treating the as -cas t pins before cen­
trifugal bonding, that will not shorten during irradiat ion. 
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2. The AGC-cast and -bonded elements 
already fabricated probably can be reclaimed by first heat treating at 660°C 
and then heat treating again at 500°C. 

3. The [ (no ) , (021), (002)] triplet probably 
can be used, with some reservat ions , as a process check to predict 
irradiation-shortening behavior of EBR-II fuel pins. 

4. More quantitative X-ray studies a re r e ­
quired before the triplet can be used with absolute confidence as a process 
check. 

(B) Elect r ica l - res is t iv i ty Measurements of AGC 
and ANL Fuel (W. N. Beck) 

Elect r ical - res is t iv i ty measurements were 
made of AGC as well as ANL pins as a support effort in identifying differ­
ences in s tructure of the two sources of fuel. 

Electr ical resistivity in metals is the imped­
ance to electron flow and is a function of temperature , dislocations, orien­
tation, impuri t ies , density, lattice distortion, etc. The U-5 wt % Fs in a 
predominant a phase (the stable phase at room temperature) possesses the 
typical metallic positive temperature coefficient of electrical resistivity. 
The alloy in the predominantly 7 phase, on the other hand, will have a 
higher value of resist ivity and a negative temperature coefficient. 

The resistivity measurements were com­
parative in that prior resis tance data for the«ANL production alloy that 
was known to be dimensionally stable during irradiation were used as a 
reference to which the AGC fuel was compared. 

The measurements were performed with non-
irradiated fuel pins which were characterized by either manufacturing proc­
ess , source, and/or heat treatment. The characterization factors were: 

1. AGC as -cas t mater ia l ; 

2. ANL cast and ANL bonded; 

3. AGC cast and AGC bonded; 

4. AGC cast and AGC bonded, followed by 
one-step heat t reatment: heat treated at 660°C for 1.75 hr and then air 
cooled; 

5. AGC cast and AGC bonded, followed by 
two-step heat t reatment: (1) heat treated at 660°C for 1.75 hr and then air 
cooled; (2j heat treated at 500°C for 2 hr and then air cooled; 
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AGC cast and ANL bonded; 

AGC cast, then heat treated at 500°C for 
1 hr pr ior to centrifugal bonding. 

The resis t ivi t ies were measured over 3.2-in. 
long portions near the top, middle, and bottom of a 13.5-in.-long fuel pin 
using a double Kelvin bridge and knife-edge contacts. Resistivity values 
were obtained at -200 and +25°C. The resul t s , which are listed in 
Table I.F.13 are summarized as follows: 

1. The principal difference between the 
ANL-cast and ANL-bonded pin and the AGC-cast and AGC-bonded pin was 
that, although both were essentially in the a phase, the resistivity of the 
ANL pin was higher and was more uniform from top to bottom. The AGC 
pin showed the top to have a resistivity of 24.5 microhm-cm at -200°C but 
the middle and bottom had a low resistivity (~18 microhm-cm at -200°C). 
The particular AGC casting batches examined were those which had a tend­
ency to shorten during irradiation. X-ray diffraction studies of this fuel 
indicated preferred orientation at the middle and bottom of these castings. 

TABLE I.F.13. Electrical-resistivity Measurements of 
Nonirradiated AGC and ANL Fuel Pins 

Pin Condition 

Resistivity 
(microhm-cm) 

-ZOO'C +25°C 
Slope 

[microhm-cm (100)/°C] 

AGC as-cast 

ANL cast and ANL bonded 

AGC cast and AGC bonded 

AGC cast and AGC bonded; 
heat treated at 660°C for 
1.75 hr and air cooled 

AGC cast and AGC bonded; 
heat treated at 660''C for 
1.75 hr, air cooled, heat 
treated again at SOCC for 
Z hr, and then air cooled 

AGC cast and ANL bonded 

AGC cast; heat treated at 
500°C for 1 hr prior to 
centrifugal bonding 

Top 
Middle 
Bottom 

Top 
Middle 
Bottom 

Top 
Middle 
Bottom 

Top 
Middle 
Bottom 

T o p 
Middle 
Bottom 

74 
75 
74.5 

30 
27.2 
27.3 

24.5 
17.5 
18.2 

70.0 
70.0 
70.0 

24.0 
22.5 
20.5 

69 
69 
69 

48.9 
47.0 
47.8 

46.5 
42.0 
42.0 

68.5 
68.5 
68.5 

46.8 
45.5 
46.0 

Top 
Middle 
Bottom 

Top 
Middle 
Bottom 

24.0 

23.8 
23.8 

33.8 
32 

32.3 

46.7 
45.5 
46.0 

50.5 
46.5 
50.8 

-2.2 
-2.6 
-2.4 

8.4 
8.8 
9.1 

9.7 
10.8 
10.5 

-0.6 
-0.6 
-0.6 

10.1 
10.2 
11.3 

10.0 
9.6 
9.8 

7.4 
6.4 
8.2 
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2. The AGC as -cas t pin was in the 7 phase 
and had a uniform resistivity from end to end. 

3. The AGC-cast and ANL-bonded pin dif­
fered from the AGC-centrifugally bonded pins in that values for slope of 
resistivity versus temperature and resistivity of the middle and bottom 
sections of the former pin were essentially the same as those for the top 
section. These pins did not shorten during irradiat ion. 

4. Heat treating the AGC-cast and AGC-
bonded fuel at a temperature of 660°C for time intervals ranging from 0.25 
to 1.75 hr brought about a uniform and rapid transformation to the two-
phase region. A subsequent heat treatment at a temperature of 500°C for 
periods up to 2 hr stabilized the fuel in the a phase and eliminated the 
previously observed preferred orientation in the middle and bottom of the 
pin. The irradiation resul ts showed that these pins did not shorten. 

5. An AGC pin which had been heat treated 
at 500°C for 1 hr pr ior to centrifugal bonding had higher measured values 
of resist ivity (-33 mic rohm-cm at -200°C). The top and bottom of the cast­
ing had the same resist ivi ty, but the middle of the pin was shown by X-ray 
reflections to have a degree of preferred orientation. Similar pins did not 
shorten during irradiation. 

The slope of resistivity versus temperature 
does not appear to be a reliable indicator of preferred orientation. The 
absolute value of the resist ivity does, however, indicate that pins having 
resis t ivi t ies below 20 mic rohm-cm at -200°C do contain undesirable tex­
tures . Fur ther verification of this would be necessary before the technique 
could be adopted as a process check. 

(C) Dilatometric Determination of Slumping Rates 
for AGC Fuel (S. Matras and C. M. Walter) 

Dilatometric measurements were made p r i ­
mari ly to determine the temperature at which the fuel pins would begin to 
slump under their own weight. Data for thermal expansion that were also 
obtained are incidental to the purpose of the investigation. Accordingly, all 
measurements and calibration runs were performed with specimens loaded 
to approximately the weight of an average fuel pin. 

In the tes ts , a combined weight of 64.35 g 
(quartz pushrod + brass weight + l inear-var iable-dif ferent ia l - t ransformer 
core) applied a s t r e s s of 6.12 g/mm^ at the base of a 0.144-in.-dia fuel pin. 
The length of the pin specimens varied from 0.995 to 0.998 in. A p ro ­
grammed heating rate of 3°c/min was adopted to allow for a convenient 
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heat-up time and a time-at-temperature during a normal working day. 

Dilatometric samples were taken from two AGC batches (107 and 112), 

both of which had shown shortening during irradiation. 

The first evidence of slumping was observed 

at about 950°C for a sample from AGC Batch 112. This observation was 

confirmed on a sample from AGC Batch 107, and slumping rates were ob­

tained at 954, 970, and 990°C for this sample: 

Slumping Rate I—'A •) 
\ m i n / 

1.1 X 10"^ 
5.0 X 10 '^ 
3.5 X 10 

-4 * 

Temperature (°C) 

954 
970 
990 

Figure I.F.I shows the slumping curves obtained for this sample. 

m 209 
o 20 7 

1 

= _ 

— 

-

— 

1 1 

1 1 

1 1 1 
TEMPERATURE, 

954 

970 

^ " " - - - - . . . . .990 

1 1 1 

1 

"C 

1 

1 1 

^206 

1 1 

-

-

-

TIME, min. 

Fig. I.F.I. Slumping Rate for AGC Fuel Pin under Its Own Weight Stress of 6.12 g/mm^ 

The v e r y high t e m p e r a t u r e a t which s lumping 
o c c u r s in this fuel is r e a s s u r i n g . The U-5 wt % F s so l idus o c c u r s a t 
1002°C.** 

(b) Inf luence of C o m p o s i t i o n on I r r a d i a t i o n - i n d u c e d Swel l ­
ing of U - 5 F s D r i v e r - f u e l Alloy. A study was in i t i a t ed to d e t e r m i n e m o r e 
r i g o r o u s l y the inf luence of c o m p o s i t i o n a l v a r i a t i o n s in U - 5 wt % F s al loy 
d r i v e r fuel on i r r a d i a t i o n - i n d u c e d swe l l ing . P o s t i r r a d i a t i o n d a t a a r e be ing 
ana lyzed , and a s u r v e y r e p o r t will be p r e p a r e d . 

* A slight reaction with the quartz pushrod may have influenced this slumping rate. 
**Saller, H. A., et al̂ .. Properties of a Fissium-Type Alloy, BMI-1123 (Aug 1956). 



c. Fuel Handling and Transfer (N. R. Grant and P. Fineman) 

A summary of fuel handling operations is included in 
Table I.F.14. 
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TABLE I .F.14. Summary of FCF Fuel Handling 

9/16/69 through 
10/15/69 

Total 
This Year 

Subassembly Handling 

Subassemblies received from reac tor 
Dr iver fuel (all types) 
Exper imenta l 
Other (blanket) 

Subassemblies dismantled for survei l lance, 
examination, or shipment to exper imente r 

Driver fuel 
Exper imenta l 
Other (blanket) 

Driver-fuel e lements to survei l lance 
Number from subassembl ies 

Subassemblies t r ans f e r r ed to r eac to r 
Driver fuel 
Exper imenta l 

18 
2 
1 

14 
1 
1 

535 
14 

1 
2 

119 
20 

5 

113 
19 
3 

5472 
113 

57 
9 

Fuel-a l loy and Waste Shipments 

Cans to bur ia l ground 

Skull oxide and glass sc rap to ICPP 

Recoverable fuel alloy to ICPP 
Fuel elennents 
Subassemblies 
Nonspecification nnaterial 

2 (34.91 kg of alloy) 
10 (50.75 kg of alloy) 
0 

27 

2 

32 (539.70 kg of alloy) 
17 (88.75 kg of alloy) 
5 (84.3 kg of alloy) 

d. Experimental Support (V. G. Eschen, N. R. Grant, R. V. Strain, 
J . W. Rizzie, and C. L. Meyers) 

Subassembly X069, a Mark-H37 irradiation subassembly con­
taining mixed-oxide fuel elements from the PNL-7 se r ies , was fabricated. 

Subassembly XO40A, reconstituted from Subassembly XO40, 
was returned to the reactor for further irradiation. 

An additional Mark-B7 capsule (from Subassembly X042A) 
containing tantalum was returned to the experimenter . The balance of the 
capsules (five) from this subassembly are being stored in the argon cell. 

Subassembly X012, a Mark-A subassembly containing 19 NUMEC 
mixed-oxide capsules, was dismantled. All the capsules were neutron 
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r a d i o g r a p h e d , we ighed , and v i s u a l l y e x a m i n e d , and d i a m e t e r m e a s u r e m e n t s 
w e r e ob t a ined for two c a p s u l e s . The s a m e 19 c a p s u l e s w e r e r e a s s e m b l e d 
into S u b a s s e m b l y X 0 1 2 A , and the s u b a s s e m b l y w a s r e t u r n e d to the r e a c t o r . 

S u b a s s e m b l y X 0 3 4 A , a Mark- .B7 i r r a d i a t i o n s u b a s s e m b l y , was 
r e a s s e m b l e d us ing four s t r u c t u r a l e l e m e n t s f r o m S u b a s s e m b l y X 0 3 4 and 
t h r e e new s t r u c t u r a l e l e m e n t s (al l ORNL) . The s u b a s s e m b l y was t r a n s ­
f e r r e d to the r e a c t o r . 

S u b a s s e m b l y X 0 1 8 B , a M a r k - B 7 s u b a s s e m b l y , w a s r e a s s e m b l e d 
in the a i r c e l l wi th s e v e n s t r u c t u r a l e l e m e n t s ( t h r e e G E , t h r e e A N L , and one 
P N L ) , and the s u b a s s e m b l y w a s t r a n s f e r r e d to the r e a c t o r . 

S u b a s s e m b l y X 0 3 2 , a M a r k - A s u b a s s e m b l y con ta in ing 19 P N L 
m i x e d - o x i d e c a p s u l e s , was d i s m a n t l e d . All the c a p s u l e s w e r e w e i g h e d , 
v i s u a l l y e x a m i n e d , n e u t r o n r a d i o g r a p h e d , and r e t u r n e d to the e x p e r i m e n t e r . 

One flat of the i r r a d i a t e d s u b a s s e m b l y h e x a g o n a l tubing ( a v e r a g e 
m i d p l a n e f luence , 8.5 x 10^^ nvt) f r o m h i g h - b u r n u p S u b a s s e m b l y XA08 was 
sh ipped to GE for t h e i r e x a m i n a t i o n . S p e c i m e n s ob ta ined a long the l eng th 
of two o the r f la ts of th is tubing w e r e sh ipped to A N L - I U i n o i s . Add i t i ona l 
s p e c i m e n s f r o m loca t ions n e a r w h e r e the l a t t e r s a m p l e s w e r e s e l e c t e d 
have been r e t a i n e d in A N L - I d a h o by the F C F i n v e s t i g a t o r s . T e s t s to be 
conduc t ed a t the F C F inc lude d e n s i t y , m e t a l l o g r a p h y , w a l l - t h i c k n e s s d e ­
t e r m i n a t i o n , and f luence d e t e r m i n a t i o n s . 

PUBLICATIONS 

Cf Ha l f -L i f e by N e u t r o n Coun t ing : R e v i s i o n 
A. DeVolpi a n d K . G. P o r g e s 

I n o r g . Nuc l . C h e m . L e t t e r s _5, 699 (1969) 

The D i s s o l u t i o n K i n e t i c s of Fe3C in F e r r i t e 
F . V. Nolfi , P . G. Shewmon , and J . S. F o s t e r * 

A b s t r a c t Bul l . Me t . Soc . AIME F a l l M t g . , P h i l a d e l p h i a , P a . , 
Oct . 13-16 , 1969, p . 49 

App l i ca t i on of T h e r m o d y n a m i c and K ine t i c P a r a m e t e r s of t h e V - O - N a S y s t e m 
to the S o d i u m C o r r o s i o n of V a n a d i u m - B a s e Al loys 

D. L . Smi th and T. F . K a s s n e r 

A b s t r a c t Bu l l . M e t . Soc, AIME F a l l M t g . , P h i l a d e l p h i s , P a . , 
Oct. 1 3 - 1 5 , 1969, p . 65 

* Carnegie-Mellon University. 
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II. OTHER FAST REACTORS--OTHER FAST BREEDER 
REACTORS--FUEL DEVELOPMENT 

A. Irradiation Effects, Mechanical Proper t ies and Fabrication 

1. Electron Microscopy of I rradiated Tensile Specimens (S. D. Harkness) 

Last Reported: ANL-7561, pp. 71-72 (March 1969). 

I r radiated tensile specimens are being studied by t ransmission 
electron nnicroscopy. The original tensile specimens were taken from a 
flat of a safety-rod guide thinnble i r radiated in EBR-II position 3D1 to 
a peak fluence of 9 x 10 ^ n / cm . The guide thimble was fabricated from 
Type 304 stainless steel and irradiated in the solution-annealed condition. 
The tensile resul ts from this study have been reported (see P rogres s 
Report for August 1969, ANL-7606, p. 84). 

The study was initiated to establish to what extent microst ructura l 
annealing was occurring during tensile testing at elevated temperatures and 
whether dislocation channeling was occurring during testing. 

a. Annealing Results 

Since knowledge of the micros t ruc ture is important to the 
interpretation of the tensile resul ts , it is essential to know whether sub­
stantial micros t ruc tura l annealing is occurring during the time (~35 min) 
spent at elevated tempera ture . The initial results from the 450°C test 
temperature indicate little annealing is occurring. Three specimens were 
examined, corresponding to irradiation below, middle, and above the reactor 
core. None showed any evidence of annealing, and both number densities 
and average sizes remained constant. 

A study of one sample tested at 750°C has indicated annealing 
during testing. This par t icular sample was irradiated at 371°C to a fluence 
of 1 X lO" n/cm^. As a result of the low irradiation temperature and fluence, 
the initial void size was small (75 A). No voids were observed in the speci­
men after tensile testing. The micros t ruc ture was completely free of any 
type of radiation damage. The testing at the elevated temperature did resul t 
in a plate-l ike precipi tate . The structure of the precipitate is now under 
analysis. 

The resul ts of this study indicate the importance of considering 
the possibility of micros t ruc tura l change during testing. 

b. Dislocation Channeling 

Dislocation channeling was observed in one sample tested at 
450°C. This sannple was irradiated at 375°C to a fluence of 2 x 10^^ n/cm^. 
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As shown in F i g . I I . A . 1 , c h a n n e l s of loop f r e e a r e a w e r e f o r m e d by the 
s l ip d i s l o c a t i o n s . Voids wi th in the channe l a r e o b s e r v e d to be e longa ted 
in the a p p a r e n t d i r e c t i o n of s l i p . It i s s p e c u l a t e d that th i s void e longa t ion 
is the r e s u l t of s h e a r i n g the void in half. 

^ « . ' ' t 4 » ' 

Fig. II.A.1. Dislocation Channeling in an Irradiated Type 304 
Stainless Steel Tensile Specimen Tested at 450'-'C. 
Note elongation of voids within the channel. 
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III. GENERAL REACTOR TECHNOLOGY 

A. Applied and Reactor Physics Development 

1. Theoretical Reactor Phys ics - -Resea rch and Development 

a. Theoretical Reactor Physics 

(i) Reactor Computation and Code Development (B. J. Toppel) 

(a) Argonne Reactor Computation (ARC) System 

Last Reported: ANL-7618, pp. 83-84 (Sept 1969). 

Problems were run with standard path STP007 to test 
the two-dimensional perturbation module with respect to region-dependent 
buckling changes for finite x-y geometry, i.e., the reactor is a paral le le­
piped. A reactor with the standard four compositions was considered (see 
Progress Report for February 1969, ANL-7553, pp. 77-80). In the z-direction 
the unperturbed reactor was taken as uniform with a half-height hw^ of 
102 cm and an extrapolation distance i of 14 cm. In the problems the 
extrapolation distance was included by imposition of the logarithmic boundary 
condition. A buckling search was made to attain the crit ical system; it con­
verged to an extrapolated half-height of 116.882 cm for the t ransverse , 
z, direction. 

The configuration is described in Table III.A.l, and 
the comparison of resul ts of perturbation with diffusion calculations is given 
in Table III.A.2. The diffusion calculations were run with very tight con­
vergence c r i t e r ia so that the values of k were given to eight significant 
figures. F rom Table III.A.2 it is seen that there is excellent agreement 
between the diffusion and the perturbation calculations, since the d iscrep­
ancies are less than 0.1%. 

TABLE III.A.l. Reactor Configuration for Two-dimensional Region-
dependent Buckling and Isotopic Cross-sect ion Perturbations 

Region Composition^ X^ (cm) Xjj (cm) Mesh P t s . 

1 CI 0 9.2 4 
2 C2 9.2 54.0 12 
3 C3 54.0 94.0 12 
4 C4 94.0 148.0 8 

a See P r o g r e s s Report for February 1969, ANL-7553, pp. 77-80. 
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TABLE III.A.2. Comparison of Perturbat ion and Diffusion Calculations 
for Two-dimensional Region-dependent Buckling Per turbat ions 

P r o b l e m 

1 
2 
3 

Region 

1 
2 
3 

hi/2 (cm) 

102.5 
100.882 

96.0 

l (cm) 

16.0 
15.75 
16.0 

Ak/k^ 

Diffusion 

1.006 
-1 .203 
-1 .093 

( 1 0 - 4 ) 

P e r t 

1.0053 
-1 .2024 
-1 .095 

Recently, the versati l i ty of the ARC system has been 
increased by permitting run-t ime modification of individual isotopic 
(microscopic) c ross sections. The two-dimensional perturbation module 
was tested for isotopic cross-sec t ion changes for the same configuration 
as was used in studying the region-dependent buckling perturbation. Indi­
vidual c ross sections were multiplied by factors that yield perturbations 
of the order of 10"'' Ak/k^. In Table III.A.3 the perturbations are described 
and the comparison of the resul ts of diffusion and perturbation computations 
is given. For ^"Pu the capture, fission, and nu x fission cross sections 
are perturbed while for sodium the t ransport and elastic scattering cross 
sections are perturbed. Since leakage is affected only by a change in the 
t ransport cross section, it was only for that c ross section that the per tu r ­
bation computations used both options for 6D in the leakage term. 

TABLE III.A.3. Comparison of Two-dimensional Perturbat ion and 
Diffusion Calculations for Isotope Cross-sect ion Changes 

I so tope 

" ' P u 

Na 

Ox 

Oc 

°c 
°i 
°i 
VOf 
VCf 

" t r 
t^tr 

° i - j 

G r o u p s 

F r o m 

1 

4 

1 

4 

1 

4 

1 

4 

3 - 5 

T o 

22 

6 
22 

6 

22 

6 

22 

6 

4 - 7 

F a c t o r 

1.004 
1.04 
1.005 
1.003 
1.0003 
1.002 

1.01 
1.03 
1.02 

Diffusion 

-1 .845 
-1 .172 
-1 .007 
-1 .443 

2.115 
3.273 

1.868 
2.387 

-1 .771 

Ak/k^ (10-^) 

P e r t (5Di) 

_ 
-
-
-
-
-

1.3580 
1.79171 

-

P e r t (b-D^) 

-1 .8457 
-1 .1726 
-1 .0067 
-1 .4437 

2.1152 
3.2727 

1.3598 
1.8005 

-1 .7747 

From Table III.A.3, we see that for changes in all 
cross sections except t ransport the agreement between diffusion and t r an s ­
port calculations is excellent. However, for changes in the t ransport c ross 
section, there are serious discrepancies between the diffusion and the 
perturbation computations. These discrepancies are being investigated 
further. 
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(b) MC^ Capab i l i t y in the ARC S y s t e m 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp. 84-85 (Sept 1969). 

The m a x i m u m code d i m e n s i o n s a v a i l a b l e for the c a l c u ­

l a t ions of an MC^ p r o b l e m in ARC is d i c t a t e d by the a v a i l a b l e s p a c e in the 

m a i n c o r e of the c o m p u t e r . At p r e s e n t , the m a x i m u m d i m e n s i o n s of p e r t i ­

nent q u a n t i t i e s a r e 20 m a t e r i a l s , 4 i s o t o p e s for e a c h m a t e r i a l , 70 b r o a d 

e n e r g y g r o u p s , 70 fine e n e r g y g r o u p s , 2100 u l t r a f i n e e n e r g y g r o u p s , 

2000 r e s o l v e d r e s o n a n c e s , and 100 e n e r g y poin ts in the u n r e s o l v e d r e s o ­

nance r e g i o n . 

Define me size ol Ihe conlainer array 
lor Ihe mwlule m Ihe main core ol 
the computer as well as the size of 
the container array in bulk memory 

Read inio Itie container array from 
disk storage Ihe quantities calculated 
and saved in a previous module 

Allocate storage in container 
—»- array lor ail variables used 

in segmeni of overlay 

Perlorm caicuialion ol 
segment in overlay 

Wipe out ail scralcti variables pertinent 
only to this segment and sifl Icompact) 
the container array 

Write Ihe container array as a 
data set onto disk storage and 
then free the container array 

- » - ( END ) 

Fig. III.A.l. Flow Diagram for Incorporating BPCflNTER into 
the Modules CSIOOl, CSCOOl, CSC002, and 
CSC003 of the ARC System 

T h e e f f o r t p r e s e n t l y 

u n d e r w a y i n t h e r e f i n e m e n t 

of M C ^ i n A R C o n t h e I B M 

S y s t e m / 3 6 0 c o m p u t e r i s t o 

v a r i a b l y d i m e n s i o n t h e a r r a y s 

i n m o d u l e s CSIOOl , C S C O O l , 

C S C 0 0 2 , a n d C S C 0 0 3 * b y t h e 

u s e of B P 0 I N T R . * * W i t h 

t h i s r e f i n e m e n t , t h e u s e r c a n 

u t i l i z e b u l k m e m o r y ( 1 2 8 K 

d o u b l e w o r d s ) a s w e l l a s t h e 

m a i n c o r e m e m o r y ( 1 0 0 K 

d o u b l e w o r d s ) t o e x p a n d t h e 

c o d e d i m e n s i o n s . A n o t h e r 

o p t i o n a v a i l a b l e t o t h e u s e r 

i s t o e x p a n d s o m e of t h e c o d e 

d i m e n s i o n s a t t h e e x p e n s e of 

o t h e r d i m e n s i o n s b y u t i l i z i n g 

o n l y t h e m a i n c o r e a v a i l a b l e 

i n t h e c o m p u t e r . 

F i g u r e I I I . A . l d i s p l a y s 

t h e f l o w d i a g r a m f o r i n c o r ­

p o r a t i n g B P 0 I N T R i n t o t h e 

s t r u c t u r e of m o d u l e s CSIOOl , 

C S C O O l , C S C 0 0 2 , a n d C S C 0 0 3 . 

T h e c o n t a i n e r a r r a y i s i n i t i a l l y 

e m p t y w h e n m o d u l e CSIOOl i s 

c a l l e d . O n l y t h e a r r a y s n e e d e d 

i n s u b s e q u e n t m o d u l e s a r e 

*Toppel, B. I., Tabulation of Current ARC Modules. Standard Paths, and Catalogued Procedures, 
September 8, 1969 (Internal Memorandum). 

•••Kennedy, A. S.. A Dynamic Storage Allocation Program. Applied Mathematics Division ANL Technical 
Memorandum No. 98 (February 28. 1967); Corrections to P0INTR for LCS. Applied Mathematics Division, 
ANL Internal Technical Memorandum (January 29, 1969); Henryson, H.,and Toppel, B. I., Modifications 
to BP0INTR--A Dynamic Storage Allocation Program Utilizing Bulk Memory, October 6, 1969 (Llternal 
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saved in the container a r ray . Before control of module CSIOOl is released, 
it writes the container a r ray onto disk storage. The next module called 
then allocates space for the container a r ray (this space may vary from 
module to module) and then reads into core the a r rays saved from the 
previous module. Before this module is released, it saves only pertinent 
a r rays which subsequent modules will use. In addition to the a r rays con­
tained in the container array, each module still writes pertinent data sets 
on disk storage so that they may be used as input by modules other than 
those related to an MC^ calculation. Therefore after incorporating 
BP0INTR into these four modules they will still retain the modular 
concept of ARC. 

The space saved in the computer by variably dimen­
sioning quantities versus fixed dimensioning is i l lustrated by the listing of 
some of the variables used in an MC^ problem in ARC and is given in 
Table III.A.4. The spaced saved in the computer using variable dimen­
sioned ar rays is substantial, especially for ar rays which are doubly or 
triply subscripted. 

TABLE II1.A.4. View of Some Sample Variables Used in an MC2 (^Iculalion and the Space They Require 

Description of Array 
Definition of the Subscripts 

in the Array 

Materials 

Broad energy groups 

Resolved resonances 

Ultrafine energy groups 

Energy points, materials in 
problem x isotopes per material 

Energy points, channel spins x 
angular momentum states, 
materials in problem x isotopes 
per material 

Space Required Using 
Current Fixed Dimensions 

Array 
Dimensions 

20 

70 

2000 

2100 

100,20X4 

100,4X2.20X4 

Double Words 
Used 

20 

70 

2,000 

2,100 

8,000 

64,000 

Space Required for Typical 
Problem Using Variable 

Dimensions 

Array 
Dimensions 

12 

27 

592 

1560 

16,12X1 

16,4X2,12X1 

Double Words 
Used 

12 

27 

592 

1,560 

192 

1,536 

Nuclide temperature 

Broad-group energy boundaries 

Abundance of each isotope in 
unresolved calculation 

Homogenized resonance capture 
cross section 

Energy at which unresolved 
calculation is to be done 

Average reduced neutron width 

At the present time, two modules, CSIOOl and CSCOOl, 
have been variably dimensioned are are being tested for reliability. 

2. Nuclear Data--Research and Developn-ient 

a. Cross Section Measurements (N. D. Dudey) 

(i) Spectrunn-averaged Measurements 

Last Reported: ANL-7618. p. 88 (Sept 1969). 

Experimental work has been completed on the determination 
of the number of captures, the number of fissions, and the capture-to-fission 
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ratios (alpha) for samples of ^^'Pu irradiated in various positions in the 
core and blankets of EBR-II. Pre l iminary values of capture-to-fission 
ratios for '̂̂ U were reported previously in ANL-7618. 

The ^^'Pu was irradiated in the form of a dry nitrate salt. 
The sample containers were of Type 304L, stainless steel and were doubly 
canned to prevent contamination. The special subassemblies containing 
the samples were designed to reduce perturbations in the neutron spectrum, 
that is, they were identical to driver or blanket subassemblies except for 
the small displacement due to the sample capsules. As an additional p re ­
caution in preserving an unperturbed neutron spectrum, one sector of the 
reactor was reserved for this experiment. 

Upon removal from the subassembly, the stainless steel 
capsules containing the samples were cleaned and then dissolved in 
HCl-HNOjto which cesium ca r r i e r had been added. The cesium was 
separated as the perchlorate, and the plutonium was separated and purified 
by hexone extraction. The number of fissions was determined by counting 
the ' C s - Ba activity with a high-resolution Ge(Li) detector. The 
cesium values were corrected for in-pile decay, for fluctuations in the 
power level of the reactor, and for burnup of the target and product 
nuclides during irradiation. The number of fissions was calculated using 
a '•'^Cs fission yield of 6.58%.* The capture values were determined by 
mass analysis with a 12-in.-radius, 60° sector, surface-ionization mass 
spectrometer.** 

The resul ts are shown in Table III.A.5 for 14 positions in 
EBR-II. All known uncertainties are included in the table except (1) the 
experimental e r r o r s in the '^^Cs fission-yield determination and (2) the 
uncertainties associated with the applicability of this particular fission 
yield to the irradiation conditions. 

TABLE III.A.S. Caplure-to-Fission Ratio lAlphal lor 239pu as a Funclion ol Position in EBR-II 

Sample Posillon 

Axial Radial 
(cm) (cm) 

*72.9 2.50 
•30.2 2.86 
•17.0 2.86 
+8.5 2.86 
0.0 2.86 

-8.5 2.86 
-17.0 2.86 

10* Atoms of 2MPu 

6.30 t 0.06 
22.40 t 0.22 
22,05 ± 0.22 
2-1.30 ± 0.24 
26.40 ± 026 
24.80 t 025 
24.35 ± 0.24 

Fissions per 
103 Atoms ol 2y)pu 

1.31 ± 0.04 
10.41 ±0.34 
17.89 ± 0.58 
23,48 ± 0.76 
30.93 t 0.10 
26.53 ±0,86 
18.01 t 0.58 

Alpha 
(Captures/Fissions) 

O480 ± 0.016 
0.215 ± 0.007 
0.123 ± O0O4 
0.104 t O0O4 
0.085 ± 0003 
0.O93 i 0003 
0.135 t O005 

Sample 

Axial 
(cm! 

+0.32 
+0.32 
+0.42 
•0.42 
*0.42 
+042 
•042 

Position 

RaPial 
Icm) 

10.21 
21.25 
30.62 
40.83 
51.03 
61.24 
71,45 

Captures per 
10^ Atoms ol 239pu 

24.65 ± 0.25 
27.90 ± 028 
10.25 ± 0.10 
21.15 ± 021 
10,00 t OlO 
6,02 i 006 
3.51 t 0.04 

Fissions per 
103 Atoms Ol 239pu 

29.93 ± 0.97 
28.26 ± 0.92 

7.44 ± 0.24 
14.76 1 0.48 
5,30 ± 0.17 
2,38 ± 0.77 
0.91 ± O30 

Alptia 
ICaptures/FissionsI 

0.082 ± 0.003 
0.099 ± 0.003 
0138 t 0.005 
0143 ± 0.005 
0.189 ± O006 
0.253 ± 0009 
0.385 ± 0.013 

*Lisman, F. L..et al., Burnup Determination of Nuclear Fuels, IN-1277 (1969). 
**Mass analyses performed by M. Laug, Idaho Division. 
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The u n c e r t a i n t i e s r e l a t e d to the effect of n e u t r o n e n e r g y 
on the '^^Cs y ie ld f r o m f i s s ion of ^^'Pu a r e w e l l - k n o w n . The va lue of 6 .58% 
r e p o r t e d by L i s m a n e t ^ . * * was d e t e r m i n e d f r o m fuel i r r a d i a t e d in E B R - I 
( m e d i a n n e u t r o n e n e r g y , ~700 keV); t h e i r va lue for the ' ^ 'Cs t h e r m a l -
f i s s i on y ie ld is 6.74%. If the da ta of Kafa las and C r o u t h a m e l * * a r e c o r r e c t e d 
to the p r e s e n t l y a c c e p t e d ha l f - l i f e of ' ^ 'Cs (30.0 y r ) , a va lue of 6.27% is 
ob t a ined for the f i s s i o n y ie ld of ' ^ 'Cs in a f i s s i on s p e c t r u m ( m e d i a n n e u t r o n 
e n e r g y , 1.5 MeV). If we i n t e r p o l a t e t h e s e v a l u e s l i n e a r l y , a s s u m i n g tha t 
the m e d i a n n e u t r o n e n e r g y in E B R - I I i s ~450 keV in the c o r e and ~100 keV 
in the o u t e r b lanke t , we obta in v a l u e s of the ' ^ 'Cs f i s s i on y ie ld for E B R - I I 
v a r y i n g f r o m 6 .63% at c o r e c e n t e r to - 6 . 7 2 % in the o u t e r b l a n k e t . 

A m o r e c o m p l e t e d i s c u s s i o n of the '^^Cs y ie ld v a l u e s and 
the i m p l i c a t i o n s of the m e a s u r e d a lpha v a l u e s wil l be p r e s e n t e d when 
r e a c t o r p h y s i c s c a l c u l a t i o n s of the n e u t r o n s p e c t r a have b e e n c o m p l e t e d 
for the r e a c t o r r u n s in which the m e a s u r e m e n t s w e r e m a d e . 

b . R e a c t o r Code C e n t e r (M. B u t l e r ) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp. 93 -94 (Sept 1969). 

In O c t o b e r , four c o m p u t e r p r o g r a m s w e r e i n c o r p o r a t e d into the 
Code C e n t e r l i b r a r y . GAKIT (ACC A b s t r a c t 370), d e v e l o p e d by Gulf G e n e r a l 
A t o m i c , i s a o n e - d i m e n s i o n a l m u l t i g r o u p d i f f u s i o n - t h e o r y k i n e t i c s code that 
a l lows t e m p e r a t u r e f eedback f r o m a coupled t w o - d i m e n s i o n a l h e a t - t r a n s f e r 
c a l c u l a t i o n . GAKIT is w r i t t e n for the UNIVAC 1108. R A P F U (ACC A b ­
s t r a c t 372), c o n t r i b u t e d by the G e n e r a l E l e c t r i c A d v a n c e d P r o d u c t s O p e r a ­
t ion, was d e s i g n e d to c a l c u l a t e e q u i l i b r i u m c o n c e n t r a t i o n s of fuel cyc l e 
i s o t o p e s in f a s t b r e e d e r r e a c t o r s u t i l i z ing v a r i o u s r e c y c l e s c h e m e s . The 
v e r s i o n s u b m i t t e d was w r i t t e n for the GE635 m a c h i n e , SCORE2, the A t o m i c s 
I n t e r n a t i o n a l s y s t e m deve loped f r o m the AI - IBM p r o t o t y p e SCORE p r o j e c t , 
a p p l i e s c o m p u t e r g r a p h i c s t e c h n i q u e s to a s s i s t the c r o s s - s e c t i o n e v a l u a t o r 
in ana lyz ing SCISRS and E N D F / B d a t a . T h i s p r o g r a m is w r i t t e n for the 
IBM 360 c o m p u t e r Model 50 o r h i g h e r with a t t a c h e d IBM 2250 g r a p h i c 
d i s p l a y unit ; it i s ACC A b s t r a c t 375. The W e s t i n g h o u s e B e t t i s A t o m i c 
P o w e r L a b o r a t o r y p r o g r a m M 0 2 6 6 was added a s AGC A b s t r a c t 383 . T h i s 
CDC 6600 p r o g r a m c o m p u t e s the u n d a m p e d n a t u r a l f r e q u e n c i e s and the 
m o d e s h a p e s of l u m p e d - m a s s l i n e a r e l a s t i c s y s t e m s . 

Dur ing the t h i r d q u a r t e r of th i s c a l e n d a r y e a r a to ta l of 238 c o m ­
p u t e r " p r o g r a m p a c k a g e s " have b e e n d i s t r i b u t e d - - 7 8 in Ju ly , 98 in Augus t , 
and 62 du r ing S e p t e m b e r . 

A t h i r d s u p p l e m e n t to A N L - 7 4 1 1 , the C e n t e r ' s C o m p i l a t i o n of 
C o m p u t e r P r o g r a m A b s t r a c t s , i s be ing r e a d i e d for p u b l i c a t i o n . It wi l l 

^Lisman, F. L..£t_a .̂, Burniip Determination of Nuclear Fuels, IN-1277 (1969). 
Kafalas, P., and Crouthamel, C. E., J. Inorg. Nucl. Chem. 4, 239; 5, 92 (1957); reported data are based 
on a half-life for ^''''cs of 32.6 yr. ~ 
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contain our abstracts numbers 358 through 376. The abstracts for this 
supplement are being prepared by a computer program developed as a part 
of the ACCESS programming effort. 

B. Reactor Fuels and Materials Development 

1. Fuels and Claddings--Research and Development 

a. Behavior of Reactor Materials 

(i) Fuel Behavior 

(a) Fuel-element Modeling Studies (R. W. Weeks and 
V. Z. Jankus) 

Last Reported: ANL-7581, p. 90 (June 1969). 

The LIFE fuel-element code is in the final stages of 
development. The code is written in For t ran IV for the ANL IBM-360 
Model 50-75 system. A brief outline of the code model follows. 

(1) Fuel-element Geometry 

1. The LIFE code treats the fuel element as a 
r ight-ci rcular cylinder, loaded externally by coolant pressure and/or end 
load. 

2. Axial symmetry is assumed with a generalized 
plane-strain t reatment . 

3. In the mechanical calculations, the fuel is 
divided into three concentric cylindrical regions (see Temperature Dis­
tribution below) representing a central void, the "columnar," "equiaxed," 
and "undisturbed" regions. A fuel-clad gap is allowed, and the clad is 
represented by an additional concentric cylinder. 

4. The axial elongation of each fuel cylinder 
is required to be the same, but the axial elongation of the fuel is not 
necessar i ly equal to that of the clad. A simple friction coefficient is 
allowed between the fuel and clad. 

5. The initial fuel form is accounted for presently 
by variations in the initial density, the fuel-clad gap, and the initial central 
void. 
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6. Up to ten axial sections are allowed. The 
plenum is always a single section, regardless of length, whereas each of 
the fuel sections is of equal length. 

7. The central void connects directly with the 
plenum. 

(2) Power Distribution 

1. Axial power-distribution factors are included 
so that the average linear power may vary from section to section. 

2. Radial power-distribution factors are included, 
which may vary with time, to follow the migration of fuel constituents (see 
P r o g r e s s Report for April-May 1969, ANL-7577, p. 140). 

(3) Temperature Distribution 

1. The quasi-stat ic temperature distribution is 
computed at the beginning of each time step (neglecting specific heat) and 
is then held constant during the time step. 

2. For thermal calculations, the fuel and clad 
are divided into a rb i t ra ry numbers of radial sections (e.g., 40 for the fuel 
and 6 for the clad). 

3. The local coolant temperature is computed 
from both inlet and outlet coolant tempera tures . Heat- t ransfer coefficients 
are used at the clad-coolant interface and at the fuel-clad gap. The lat ter 
coefficient is a function of p ressu re . 

4. The thermal conductivity of the fuel is con­
sidered as a function of temperature and porosity. Clad conductivity is 
considered a function of temperature only. 

5. Linear thermal expansion coefficients are 
considered as functions of temperature, and average thermal expansions 
of the clad and each of the three fuel regions are computed by integration. 

6. The three fuel-region sizes are determined 
by the time interval, by an equation representing the velocity of bubble 
migration via the evaporation-condensation mechanism, by an equation 
representing the sintering rate of the fuel, and by a mass balance. The 
net mass transfer between fuel regions is computed. The rate equations 
are functions of temperature and temperature gradient. 
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7. No fuel m e l t i n g is a l lowed at p r e s e n t . 

8. Ef fec t s of fuel c r a c k s a r e not c o n s i d e r e d at 
p r e s e n t . 

(4) F i s s i o n - p r o d u c t D i s t r i b u t i o n . 

1. F i s s i o n p r o d u c t s a r e g e n e r a t e d a c c o r d i n g to 
the p l u t o n i u m - u r a n i u m d i s t r i b u t i o n . 

2. P r e s e n t l y , c o m p l e t e gas r e l e a s e is a s s u m e d 
in the c o l u m n a r r e g i o n , and finite r a t e s of gas r e l e a s e a r e spec i f ied for the 
equiaxed and u n d i s t u r b e d r e g i o n s . 

3. Solid f i s s i o n - p r o d u c t m i g r a t i o n (though not 
the r a t e of m i g r a t i o n ) i s a c c o u n t e d for in the fue l - swe l l i ng c a l c u l a t i o n s . 

(5) F u e l Swell ing 

1. The a v e r a g e t h e r m a l expans ion of each fuel 
s ec t ion is c o m p u t e d . 

2. The net swel l ing r a t e ( A V / v ) of any r eg ion 
due to a c c u m u l a t i o n of so l id f i s s ion p r o d u c t s is a function of the f i s s ion 
r a t e , the fuel c o n s t i t u e n t s in the r eg ion , and the r eg i o n s i z e . 

3. The ne t swel l ing r a t e of each fuel r eg ion due 
to g a s e o u s f i s s ion p r o d u c t s is p r e s e n t l y t aken as 

AV nRT 
Vo (P + P G ) V o 

w h e r e 

AV = the change in vo lume of the r eg ion , 

Vo = the o r i g i n a l vo lume of the r eg ion , 

n = the n u m b e r of m o l e s of gas r e m a i n i n g in the r eg ion , 

T = the a v e r a g e t e m p e r a t u r e of the g a s - - a s s u m e d equal to the 
a v e r a g e t e m p e r a t u r e of the r eg ion , 

p = - ( O r + 0 g + a z ) / 3 w h e r e a,-, Og, and o^ a r e the a v e r a g e s t r e s s e s 
ac t ing in the r eg ion , 

P G = 2 7 / R A V w h e r e 7 is s u r f a c e t ens ion , and R ^ y '•^ ' ^^ r a d i u s of 
the a v e r a g e bubble s i ze in the r eg ion , 

R = u n i v e r s a l gas c o n s t a n t . 

4 . S imple a n i s o t r o p y f a c t o r s a r e inc luded , but 

p r o b a b l y wil l not be u s e d . 
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c o m p u t e d . 

(6) Clad Swel l ing 

1. The a v e r a g e t h e r m a l e x p a n s i o n of the c lad i s 

2. Clad swel l ing due to void f o r m a t i o n is i n c l u d e d 
in a s u b r o u t i n e b a s e d on the t h e o r y by H a r k n e s s and L i . * 

(7) F u e l - c l a d I n t e r a c t i o n s 

1. An in i t i a l f u e l - c l a d gap is s p e c i f i e d . T h i s 
m a y open or c l o s e depend ing on s u b s e q u e n t o p e r a t i n g c o n d i t i o n s . 

2 A s i m p l e coef f ic ien t of f r i c t i o n i s a l l o w e d . 
When the fuel t o u c h e s the c l ad , s t i ck o r s l i p i s c h e c k e d for on e a c h t i m e 
s t e p and the b o u n d a r y cond i t i ons ad ju s t ed a c c o r d i n g l y . 

3. F u e l - c l a d i n c o m p a t i b i l i t y and c o o l a n t - c l a d 
c o r r o s i o n a r e p r e s e n t l y h a n d l e d only by us ing an "ef fec t ive c l ad t h i c k n e s s . " 

(8) F a i l u r e C r i t e r i a , The s t r e s s - s t r a i n c l a d - s w e l l i n g 
h i s t o r y of the e l e m e n t i s t r a c e d , but no spec i f i c f a i l u r e c r i t e r i a have b e e n 
i n c o r p o r a t e d . The d e v e l o p m e n t of s u c h c r i t e r i a i s in p r o g r e s s . 

(9) Code P r e d i c t i o n s . Code p r e d i c t i o n s tha t can be 
c h e c k e d e x p e r i m e n t a l l y inc lude : 

1. c l ad i n s i d e and o u t s i d e d i a m e t e r s a s funct ions 
of i r r a d i a t i o n h i s t o r y and a x i a l pos i t i on ; 

2. c l ad length ; 

3. fuel l ength ; 

4 . c e n t r a l void and fuel zone s i z e s a s funct ions 
of the i r r a d i a t i o n h i s t o r y and a x i a l pos i t ion ; 

5. gas r e l e a s e to the p l enum; 

6. r a d i a l and a x i a l t e m p e r a t u r e d i s t r i b u t i o n ; 

7. p l u t o n i u m - u r a n i u m d i s t r i b u t i o n . 

( 1 0 ) A d d i t i o n a l C o m m e n t s 

1. A m a j o r f e a t u r e of t h e c o d e i s t h a t t h e i r r a ­
d i a t i o n , c o o l a n t - t e m p e r a t u r e h i s t o r y of a g i v e n f u e l e l e m e n t c a n b e t r a c e d 
i n a s t e p - w i s e m a n n e r . 

Harkness, S. D., and Li, Che-Yu, "A Model for Void Formation in Metals Irradiated in a Fast Neutron 
Environment," Proceedings IAEA Symposium on Radiation Damage in Reactor Materials, Vienna, Austria, 
June 1969. ' 
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2. The code formulation includes thermoelastic 
and creep deformations, and is sufficiently general to include almost any 
form of creep law and/or s t r ess relaxation behavior. 

3. In spite of the crudeness of the models cur­
rently incorporated in the LIFE code, an attempt has been made to relate 
all the model parameters to mater ia ls properties that can be measured in 
independent tests not involving the integral fuel element. (Until values of 
the required mater ia l s propert ies are established, however, parameter 
adjustment by code calibration against integral fuel-element behavior will, 
of course, be necessary.) 

4. The code formulation can, and will, be revised 
to include more sophisticated models as they become available. 

5. As might be expected, some serious conver­
gence problems have been encountered in the numerical calculations, and 
present LIFE code development efforts are focused on improving the con­
vergence of the iterative scheme employed. 

b. Chemistry of Irradiated Fuel Materials (C. E. Crouthamel) 

(i) Development of Techniques of Fuel Analysis 

Last Reported: ANL-7595, p. 94 (July 1969). 

Work is in progress to develop a technique for mic ro ­
sampling and analysis of noble fission-product gases retained in irradiated 
ceramic fuels. Microsampling is accomppished by laser-beam vaporization 
of selected a reas of a fuel sainple held in a vacuum chamber; the released 
fission gases are identified and measured by means of a quadrupole mass 
spectrometer . 

Pre l iminary measurements have been made of the radial 
distribution of fission gases in a t ransverse section of an irradiated UOj 
fuel pin clad with Type 304 stainless steel. The fuel material , which had 
an overall enrichment of 13%, was produced by blending fully enriched and 
depleted UO^ powders. The fuel pin had been irradiated to 6.0 at. % burnup 
in MTR. The calculated surface and centerline temperatures at the s tar t 
of the steady-state irradiation were 1350 and 2400''C, respectively. Pos t -
test calculations, based on the behavior of fission gases in other i rradiated 
UO2 fuels, indicated that the amount of fission xenon and krypton remaining 
in the fuel was about 0.5 mmol/cm^ UO^. 

Laser samples of the t ransverse section were taken in the 
columnar grain regions and the unrestructured regions of the fuel; the 
c ra te r s produced were 60 to 70 ^m in diameter. Fission gas was readily 
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detectable in both locations. There were indications that the fission-gas 
concentration was higher, by a factor of two or three, in the outer, un re ­
structured regions than in the columnar gra ins . The average concentration 
of fission gas in samples taken from the columnar grains was about 
0.1 m m o l / c m ' UO^. 

Since these resul ts were obtained in a prel iminary test 
of the analytical technique, assessment of their reliability is difficult. 
However, the test pointed out that several factors need further consideration 
before the method can be fully evaluated. F i r s t , it should be noted that the 
columnar-grain region of this fuel specimen shows progressively less 
complete isotopic exchange of ^̂ *U and ^ '̂U from the central void to the 
equiaxed-grain region and little or no isotopic exchange in the u n r e s t r u c ­
tured region. These local variations in isotopic composition could lead 
to local variations in fission-gas concentration that would tend to obscure 
any systematic trends across the radius of the fuel pin. Additionally, the 
test revealed inadequacies in the detection system, which may have caused 
significant systematic e r r o r s . In future experiments , the fission gases 
will be determined by isotope-dilution analysis, a method that is expected 
to provide increased accuracy and precision. The detection system is 
presently being modified to accommodate this change. 

c. Thermodynamics of Fuel Materials 

(i) Vapor Species Par t ia l P r e s s u r e s in the Ternary U-Pu-C 
System (P. E. Blackburn and R. K. Edwards) 

Last Reported: ANL-7595, p. 95 (July 1969). 

Mass - spec t romet r i c studies of the volatilization behavior of 
the U-Pu-C system are being conducted to determine (1) the composition of 
the vapor phase in equilibrium with the condensed phase(s), (2) the part ial 
p re s su res of the vapor species as a function of tempera ture , and (3) the 
thermodynamic propert ies of the vapor species and condensed phases . 

The investigation of the binary Pu-C system, which had been 
undertaken first, was completed and the final resul ts were summarized in 
ANL-7595. The Pu-C study was car r ied out with a Bendix time-of-flight 
mass spectrometer that had been converted to plutonium capability. How­
ever, the projected work in the ternary U-Pu-C system, which involves 
obtaining the relative activities of u / P u , is to be car r ied out with the 
quadrupole mass spect rometer . The higher sensitivity of this instrument 
is needed to measure with sufficient accuracy the part ial vapor p r e s su re 
of uranium at the same time as that of plutonium (the part ial vapor p r e s ­
sure of uranium is anticipated to be much smaller than that of plutonium). 

An effusion apparatus, previously used to determine the 
congruently vaporizing compositions of urania, has been modified in order 
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that studies may be carr ied out on the Pu-X and U-Pu-X systems, where X 
is either carbon or oxygen. As previously used, the apparatus consisted of 
an ultrahigh-vacuum system in which an induction coil could be used to heat 
the effusion cell to high tempera tures . The principal external modification 
required was coupling to a gjovebox to protect personnel from contamination 
because of the anticipated radiation hazard. To optimize the information 
output frona the study while also minimizing the time required for experi­
mentation, two internal modifications were designed into the apparatus: 
(1) a quadrupole-mass-spect rometer sensing probe that can be moved at 
will during an effusion run, so that it either continuously or periodically 
intercepts the effusing gas beam; (2) a quartz-crystal sensing head of a 
microbalance that can also, either continuously or periodically, intercept 
the effusing gas beam and yield high-sensitivity measurements of the total 
effusive loss in t e rms of the effusate condensed. Theoretical analyses as 
well were directed toward increasing the efficiency of the experiments. It 
has been established that compositions of the condensed phase can be deter­
mined from a nnathematical analysis of the mass-spec t romet r ic ion-current 
data more accurately than from time-consuming chemical analyses. 

The mass -spec t romete r installation has been completed, 
and initial testing and calibration runs (with urania materials) are under way. 
The prel iminary performance appears excellent, in particular the tempera­
ture constancy of the effusion cell as deduced from the constancy of the 
species ion currents during congruent effusion. The quartz-crystal mic ro -
balance performs satisfactorily in tests external to the effusion apparatus; 
it will be installed at the appropriate time during the continuation of the 
testing. Effusion experiments with nonplutonium-bearing mater ia ls will 
begin following crit ical alignment and calibration of the mass spectrometer 
and microbalance. Plutonium studies will'begin after full plutonium capa­
bility for the glovebox has been achieved. 

d. Oxide Fuel Studies (L. A. Neimark, F . L. Brown, W. F, Murphy, 
and E . J . Petkus) 

(i) Examination of Group 0-2 

Last Reported: ANL-7618, p. 95 (Sept 1969). 

Dimensional inspection completed the nondestructive phase 
of the examination of Element SOV-1, This element had received a total 
burnup in EBR-II of about 4.8 at. % in two increments (3.6 at. % in Sub­
assembly XOl l , and 1.2 at. % in Subassembly X039). The maximum cladding 
diametral increase of 0.61% (0.0018 in.) occurred slightly below the midplane 
of the fuel column, and, hence, the midplane of the core. The magnitude of 
the increase was comparable to that found in companion elements i r radiated 
to 3.6 at. % burnup at a maximum power rating 7% higher (see P rogress 
Report for September 1968, ANL-7500, pp. 2-4). The axial position of the 
maximum diametral increase in SOV-1 was the same as that for a maximum 
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diametral increase of 0.53% (0.002 in.) in the irradiation capsule. Fuel 
Element SOV-1 elongated 0.16% (0.040 in.) and increased in total volume 
by 0.82%. The fission gas in the element plenum has been analyzed, but the 
resul ts have not been evaluated. 

The metallographic s t ructure of the fuel along the length of 
the element indicated that the fuel operated in the solid state during its 
second period in the reactor . Previous examination of the companion e le ­
ments of SOV-1 in Subassembly XOll indicated these elements (including 
SOV-1) had operated with molten centers at linear power ratings upward 
from 19.6 kw/ft; SOV-1 had operated at 20.1 kw/ft . During the second 
period of irradiation, SOV-1 operated at an est imated peak of 19.5 kW/ft. 
The resulting fuel s t ructure showed only little evidence of its once-molten 
history. At the cold, bottom end of the fuel column the migration of small 
fission-product inclusions to the center of the element was incomplete, and 
what is probably the boundary of melting could be distinguished. Higher in 
the fuel column, the fission products were more dispersed in the columnar-
grain region. About 1 in. from the bottom of the column the central void 
was bridged in three small areas by a mater ia l that had a dendritic s t ruc ­
ture. These areas were evident in the neutron radiographs after 4.8 at. % 
burnup, but, unfortunately, it could not be determined from the neutron 
radiograph obtained at 3.6 at. % burnup whether this s t ructure also existed 
at the t ime. Presumably this mater ia l is a remnant of the first i rradiat ion 
period when the fuel was molten. Microprobe analysis will be used to deter ­
mine its nature. 

(ii) Prepara t ion of Group 0 - 3 

Last Reported: ANL-7618, pp. 95-96 (Sept 1969). 

Eight of the 18 pellet and vibratori ly compacted mixed-oxide 
fuel elements have been encapsulated. Eddy-current examination for sodium-
bond integrity and X-radiography of the top end-plug weld are under way on 
the eight capsules . 

The Experiment Description and Safety Evaluation has been 
prepared and sent to the EBR-II Project . An addendum to this document, 
which will be provided later , will describe the encapsulation and sodium-
bonding procedures, and will provide the quality assurance records for the 
capsules. 

2. Radiation Damage on Structural Mate r ia l s - -Research and Development 

Last Reported: ANL-7561, pp. 58-60 (March 1969). 

a. Effect of Flowing Sodium on the Creep of Vanadium Alloys 
(F. L. Yaggee) 

The low fracture strain (about 0.8% in 495 hr) nrevinnolif 
reported for two V-15 wt % Cr-5 wt % Ti alloys 
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sodium at 650°C is believed to be the resul t of cracks occurring in the 
specimen mater ia l prior to creep testing. 

The specimens possessed an unusual thermomechanical history. 
The alloy was initially supplied as 0.060-in.-thick sheet-bar in the 50% cold-
worked condition. After a 1-hr, 1250°C property-optimizing heat treatment 
in vacuo, the sheet-bar was subsequently annealed for 1 hr at 900°C in vacuo 
and rolled to a final thickness of 0.020 in. The mater ia l was then subjected 
to a second property-optimizing heat treatment for 1 hr at 1250°G. An 
unusual amount of edge cracking was observed during the rolling operation 
following the first heat treatment. Likewise, the mater ia l appeared quite 
brittle during the machining operation following the second heat t reatment. 

Metallographic examination of the two V-15 wt % Cr-5 wt % Ti 
specimens revealed a random distribution of cracks throughout the speci­
mens, oriented perpendicular to the direction of the applied tensile load. 
A similar distribution and orientation of cracks, though somewhat smaller 
in size, were also observed in specimens that had not been creep tested. 
In shor t - t e rm tensile tests at 25, 200, 400, and 600°C, these specimens 
exhibited a much lower total elongation and reduction in area than might 
be expected of this alloy when given a single property-optimizing heat 
treatment following the final reduction pass . The ultimate tensile strength 
was lowered only slightly by the double heat treatment. 

The V-15 wt % Cr-5 wt % Ti and V-15 wt % Ti-7.5 wt % Cr 
alloys both exhibited atomic ordering after a property-optimizing heat 
treatment of 1 hr at 1250°C. Apparently this ordering cannot be erased 
by a 1-hr anneal at 900°C, and, therefore, further mechanical working after 
a property-optimizing heat treatment is detrimental . It is concluded that 
all mechanical working of these alloys must be completed before heat 
t reatment to optimize the mechanical proper t ies . 

b. Irradiation Studies of Cladding Alloys (R. Carlander) 

Not previously reported. 

ANL Capsule A6I was loaded into EBR-II Subassembly X018B 
for irradiation to an estimated fluence of 3.5 x 10^^ n/cm^ (total). The 
capsule contained tensile and creep specimens of V-15 wt % Cr-5 wt % Ti 
alloy. The effects of fluence, temperature, grain size, and uniaxial versus 
biaxial s t r e s s rupture on the postirradiation mechanical propert ies of 
V-15 wt % Cr-5 wt % Ti alloy will be studied. The specimen identifications 
and test conditions are presented in Table III.B.l. 
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TABLE III.B.l. Specimen Identification and Environnnental Conditions 
of V-15 wt % Cr-5 wt % Ti Alloy in ANL Capsule A6 1 

Specimen 
No. 

01-06 
07-011 
012-018 

R1-R5 
R6-R9 
R10-R16 

P1-P5 
P6-P10 
P1I-P17 

AO, AR, 
BO, RB, 
CO, CR, 
DO, DR, 

AP 
B P 
C P 
DP 

C . 

Type of 
Specimen 

Uniaxial 
Uniaxial 
Uniaxial 

Uniaxial 
Uniaxial 
Uniaxial 

Uniaxial 
Uniaxial 
Uniaxial 

Biaxial 
Biaxial 
Biaxial 
Biaxial 

In-Reactor 

Average G 
Diameter 

10 
10 
10 

20 
20 
20 

35 
35 
35 

20 
20 
20 
20 

rain 
M 

Creep Studies 

No. of 
Specimens 

(J 

6 
5 
7 

5 
4 
7 

5 
5 
7 

12 
6 
6 

12 

A. T e s 

Irradiation 
Temperature 

(°C) 

410 
650 
371 

410 
650 
371 

410 
650 
371 

410 
650 
650 
371 

Fluence Range 
n / c m ' (Total) 

0.5-2 
2-4 

0.5-2 
0.5-2 

2-4 

0.5-2 

0.5-2 
2-4 

0.5-2 

0.5-2 
2-4 
2 -4 

0.5-2 

k and S. D. Harkness) 

Not p r e v i o u s l y r e p o r t e d . 

A m o d e l c o n c e r n i n g p o s s i b l e effects of n e u t r o n i r r a d i a t i o n on 
c l i m b - c o n t r o l l e d c r e e p in a u s t e n i t i c s t a i n l e s s s t e e l i s be ing d e v e l o p e d . 
The m o d e l i nvo lves mod i f i ca t i on of the t h e o r y of A n s e l l and W e e r t m a n * to 
inc lude the effects of the i n t e r a c t i o n of n e u t r o n - g e n e r a t e d i n t e r s t i t i a l s and 
v a c a n c i e s with d i s l o c a t i o n s . At p r e s e n t , the so lu t ion of the diffusion equat ion 
in the p r e s e n c e of a n e u t r o n flux r e s u l t s in an e x p r e s s i o n for the s t e a d y -
s t a t e i n - r e a c t o r c r e e p r a t e at high s t r e s s e s as 

e = AiLa^ 
Q^b^L 

w h e r e 

Aj , A2 a r e c o n s t a n t s , 

a = the app l i ed s t r e s s , 

L = the a v e r a g e d i s t a n c e be tween b a r r i e r s , 

Dg = the se l f -d i f fus ion coeff ic ient , 

b = the B u r g e r s v e c t o r , 

J x s = the e x c e s s i n t e r s t i t i a l flux a r r i v i n g at d i s l o c a t i o n s . 

Jxs i^ ^ funct ion of g r a i n s i z e , p r e c i p i t a t e s i z e and d i s t r i b u t i o n , 
d i s l o c a t i o n dens i ty , and al l o the r p o s s i b l e s i n k s , such as vo ids and d i s l o c a t i c 

Ansell, G. S., and Weertman. J., Creep of a Dispersion-Hardened Alloy, Trans. Met Soc. AIME 215 
215. 838(1959). 
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l o o p s . U n d e r s o m e c o n d i t i o n s , i . e . , high d i s l o c a t i o n dens i t y o r s m a l l g r a i n 
s i z e , J x s is rough ly p r o p o r t i o n a l to the n e u t r o n flux for a given n e u t r o n 
s p e c t r u m . J x s is c o m p u t e d by us ing the c o m p u t e r p r o g r a m of H a r k n e s s . * 

P r e c i p i t a t i o n - h a r d e n e d a l loys a r e expec t ed to show a s e c o n d -
power s t r e s s d e p e n d e n c e for i n - r e a c t o r c l i m b - c o n t r o l l e d c r e e p a t m o d e r a t e 
to high s t r e s s e s u n d e r flux condi t ions capab le of p roduc ing a p p r e c i a b l e 
s t e a d y - s t a t e vacancy and i n t e r s t i t i a l s u p e r s a t u r a t i o n s . 

C. E n g i n e e r i n g D e v e l o p m e n t - - R e s e a r c h and Deve lopmen t 

1. I n s t r u m e n t a t i o n and Con t ro l 

a. Boi l ing D e t e c t o r (T. T. Ande r son ) 

(i) A c o u s t i c Method 

(a) B o i l i n g - s o d i u m Spec t r a in S imula ted R e a c t o r 
G e o m e t r i e s (T. T . Ande r son ) 

L a s t Repo r t ed : A N L - 7 5 8 1 , p . 102 (June 1969). 

It i s p r o p o s e d to p lace a c o u s t i c s e n s o r s d i r e c t l y into a 
sod ium e n v i r o n m e n t to i m p r o v e the r e s o l u t i o n of p ro to type acous t i c boi l ing 
d e t e c t o r s . Th i s could be ach ieved with the ex i s t ing 1150°F Gulton a c c e l e r ­
o m e t e r s tha t w e r e s p e c i a l l y o r d e r e d for s o d i u m - i m m e r s i o n s e r v i c e . Use of 
t he se a c c e l e r o m e t e r s in the C C T L sod ium f lowtes ts of the M a r k - I I F F T F 
s u b a s s e m b l y is be ing c o n s i d e r e d . 

(b) I r r a d i a t i o n and R e s i s t a n c e T e s t s of P i e z o e l e c t r i c and 
In su l a to r M a t e r i a l s (T. T. A n d e r s o n and S. L. H a l v e r s o n ) 

L a s t Repor t ed : ANL-7618 , p . 106 (Sept 1969). 

I r r a d i a t i o n of l i th ium niobate with h i g h - e n e r g y e l e c t r o n s 
(1 -2 .2 MeV) f rom the Van de Graaf a c c e l e r a t o r will r e s u m e in N o v e m b e r ; 
schedu l ing d i f f icu l t ies de layed fu r the r t e s t s in S e p t e m b e r and O c t o b e r . 
E l e c t r o n i c t e s t a p p a r a t u s h a s been se t up to obtain m o r e comple t e c h a r a c t e r ­
iza t ion of the l i t h i u m n ioba te dur ing e l e c t r o n b o m b a r d m e n t : (1) d i r e c t 
m e a s u r e m e n t s of c r y s t a l i m p e d a n c e , whose magn i tude and p h a s e a t r a d i o f r e -
q u e n c i e s of 0 .1-32 MHz a r e p lot ted on an X-Y r e c o r d e r , and (2) s w e p t -
f r equency s c a n s of the c r y s t a l - t r a n s d u c e r s ens i t i v i ty to inc iden t a c o u s t i c 

*Harkness S. D. and Li Che-Yu. "A Model for Void Formation in Metals Irradiated in a Fast Neutron 
Environment." Proceedings IAEA Symposium on Radiation Damage in Reactor Materials, Vienna, Austria, 
June 1969. 
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e n e r g y , which p e r m i t s an X-Y r e c o r d i n g of t r a n s d u c e r s e n s i t i v i t y v e r s u s 
f r e q u e n c y to be m a d e dur ing i r r a d i a t i o n for bo th son ic and u l t r a s o n i c w a v e s 
induced in the t e s t f i x t u r e . 

(c) D e v e l o p m e n t of H i g h - t e m p e r a t u r e D e t e c t o r 
(A. P . Gavin) 

L a s t R e p o r t e d : A N L - 7 5 8 1 , pp. 99 -100 (June 1969). 

A t e s t r ig h a s been c o n s t r u c t e d for e v a l u a t i n g u s e of 
l i t h i u m n ioba te in h i g h - t e m p e r a t u r e t r a n s d u c e r s . The r i g c o n s i s t s of a 
0 . 5 - i n . - d i a s t a i n l e s s s t e e l rod that t r a n s m i t s a c o u s t i c e n e r g y in to a t u b u l a r 
fu rnace cav i ty , a n i cke l r o d a t t a c h e d to the s t a i n l e s s s t e e l r o d to r e d u c e 
t h e r m a l g r a d i e n t s , and a c l a m p a s s e m b l y for s p r i n g - l o a d i n g the c r y s t a l 
a g a i n s t the end of the n i c k e l r o d . 

(d) T e s t s of H i g h - t e m p e r a t u r e D e t e c t o r s in W a t e r , 
F u r n a c e , and Sodium (A. P . Gavin) 

L a s t R e p o r t e d : A N L - 7 5 8 1 , pp. 99 -100 (June 1969). 

A f u r n a c e h a s b e e n c o n s t r u c t e d for u s e in s u b j e c t i n g 
l i t h i u m n ioba te c r y s t a l s to the c o m b i n e d ef fec ts of g a m m a r a d i a t i o n and 
t e m p e r a t u r e . The fu rnace d e s i g n (1) m i n i m i z e s g a m m a a t t e n u a t i o n , 
(2) f i ts wi th in the l i m i t e d s p a c e in the g a m m a fac i l i ty , (3) d o e s not r e q u i r e 
f o r c e d - a i r coo l ing , (4) m i n i m i z e s e l e c t r i c a l p ickup n o i s e f r o m the h e a t e r , 
and (5) m a i n t a i n s s o d i u m - e n v i r o n m e n t a l t e m p e r a t u r e s wi thout d i s t u r b i n g 
the g a m m a t e s t - c e l l c o m p o n e n t s . 

The f u r n a c e c o n s i s t s of a c e n t r a l s t a i n l e s s s t e e l tube , 
wi th n i c h r o m e r i b b o n non induc t i ve ly wound o v e r it, and s u r r o u n d e d by c o n ­
c e n t r i c r a d i a t i o n s h i e l d s . The f u r n a c e h a s a 1-in. ID, 3- in OD, and 
12- in . l eng th , and we ighs 1 lb; it can p r o d u c e a c e n t e r l i n e t e m p e r a t u r e on 
the t e s t f i x tu re of 1500°F and an o u t s i d e s u r f a c e t e m p e r a t u r e of 300°F 
wi thout f o r c e d c o o l i n g . 

2. H e a t T r a n s f e r and F l u i d F l o w 

a. L M F B R B u r n o u t L i m i t a t i o n s (R. J . Schi l tz and R. Rohde) 

L a s t R e p o r t e d : A N L - 7 6 0 6 , pp. 104-105 (Aug 1969). 

(i) P r e p a r a t i o n of A p p a r a t u s . D o c u m e n t s a r e be ing p r e p a r e d 
for sa fe ty and q u a l i t y - a s s u r a n c e r e v i e w s . The 1.5-in. v a l v e s a r e be ing 
r e p a i r e d and u p g r a d e d . 

Welding of the m a i n loop piping is about 10% c o m p l e t e . 
P r e c a u t i o n s a r e be ing t aken to e n s u r e qua l i ty we ld ing . A s a m p l e weld 
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joining a Type 304 s t a i n l e s s s t e e l t r a n s i t i o n p i ece to the c a s t Type 347 
s t a i n l e s s s t e e l body of a 1.5-in. va lve was m a d e with the gas t u n g s t e n - a r c 
p r o c e s s . Al though the weld f i l l e r m e t a l spec i f i ed was Type 309 s t a i n l e s s 
s t e e l - C b w i r e and the r e q u e s t e d p r o c e d u r e was A N L - C S - 1 0 0 1 ( c o n s u m a b l e 
i n s e r t ) , the u n a v a i l a b i l i t y of l / S - i n . - d i a weld wi re of Type 309 s t a i n l e s s 
s t e e l - C b for the f a b r i c a t i o n of the c o n s u m a b l e i n s e r t s l ed to changing the 
welding p r o c e s s to p r o c e d u r e A N L - C S - 1 0 0 7 , which in t u r n led to (a) e l i m ­
ina t ion of the c o n s u m a b l e i n s e r t , (b) r educ ing the weld g roove land f r o m 
1/16 to 1/32 in . , and (c) g r e a t e r c u r r e n t and weld w i r e fed into the r o o t 
p a s s , ob ta in ing full p e n e t r a t i o n . The s a m p l e weld was a c c e p t e d by the 
safe ty c o m m i t t e e , and a p p r o v a l was given for welding the r e m a i n i n g v a l v e s , 
with the r e q u i r e m e n t that the weld a r e a s a l l be r a d i o g r a p h e d both b e f o r e 
and a f te r we ld ing . 

Welding p r o c e d u r e A N L - C S - 1 0 0 1 , with Type 308 s t a i n l e s s 
s t e e l c o n s u m a b l e i n s e r t s and f i l l e r w i r e , is be ing u s e d in welding the loop 
p ip ing . I n s p e c t i o n c o n s i s t s of d y e - p e n e t r a n t t e s t ing of al l r oo t and final 
p a s s e s with 100% r a d i o g r a p h y of the final w e l d s . All b l ind roo t p a s s e s and 
the final weld a r e being r a d i o g r a p h e d . All final welds a r e a l so being 
v a c u u m - l e a k c h e eked . 

(ii) A n a l y t i c a l P r e d i c t i o n of B u r n o u t L i m i t a t i o n s 

L a s t R e p o r t e d : A N L - 7 5 1 8 , pp. 97-99 (Nov 1968). 

In A N L - 7 5 1 8 equa t ions w e r e p r e s e n t e d for the c o m p u t a t i o n 
of choked f l o w r a t e s for the e s c a p e of sod ium coo lan t t h rough a c o n s t a n t -
a r e a c h a n n e l . A c o m p u t e r p r o g r a m h a s been deve loped to i n v e s t i g a t e the 
so lu t i ons r e s u l t i n g f r o m t h e s e equa t ions f(5r v a r i o u s p r o p o s e d s l ip m o d e l s , 
inc lud ing the F a u s k e (s = >/Vg/vf) and M a r t i n e l l i - L o c k h a r t s l i p m o d e l s . 
The r e s u l t i n g c o m p u t e d c r i t i c a l flows for the p r e s s u r e r a n g e of i n t e r e s t 
(20-40 p s i a ) and for q u a l i t i e s up to x = 0.1 a r e c o m p a r e d in F i g . I I I .C . l 
with the c r i t i c a l flows b a s e d on the h o m o g e n e o u s flow m o d e l ( s l ip s = 1). 
As e x p e c t e d , the F a u s k e and M a r t i n e l l i s l ip m o d e l s r e s u l t in c r i t i c a l flows 
s ign i f i can t ly h i g h e r than the h o m o g e n e o u s flow m o d e l . F o r h i g h e r q u a l i t i e s 
(above x = 0.05), the F a u s k e and M a r t i n e l l i s l i p s r e s u l t in a p p r o x i m a t e l y 
the s a m e c r i t i c a l flow a s shown in F i g . I I I .C . l for x = 0 . 0 1 . The d i v e r g e n c e 
b e c o m e s m o r e p r o n o u n c e d as the p r e s s u r e i n c r e a s e s . A l so , for p u r p o s e s 
of c o m p a r i s o n , c r i t i c a l flows (for x = 0.01) w e r e c o m p u t e d b a s e d on the 
mod i f i ed A r m a n d f o r m u l a for void f r ac t ion* and for the mod i f i ed B a l z h i s e r 
v o i d - f r a c t i o n c o r r e l a t i o n . * * 

The c o m p u t a t i o n s for the c r i t i c a l flows shown in F i g . I I I .C . l 
a r e b a s e d on the p h y s i c a l p r o p e r t i e s of s o d i u m given by M a c F a r l a n e . * * 
T h e s e v a l u e s a r e s l i gh t ly h i g h e r than the va lues c o m p u t e d by F a u s k e ; * the 

*Fauske, H. K., Two-phase Critical Flow with Application to Liquid-metal Systems (Mercury, Cesium, 
Rubidium, Potassium. Sodium, and Lithium), ANL-6779 (Oct 1963). 

• •MacFarlane, D. R., An Analytic Study of the Transient Boiling of Sodium in Reactor Coolant Channels, 
ANL-7222 (June 1966). 
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d i f f e r e n c e s a r e p r o b a b l y c a u s e d by the d i f fe ren t p h y s i c a l p r o p e r t i e s 
u s e d by F a u s k e , who u s e d t hose given by W e a t h e r f o r d . * 

Fig. III.C.l 

Computed Critical Flowrates for the 
Fauske and Martinelli Slip Models 
Compared with the Homogeneous 
Flow Model for Sodium (points com­
puted by Fauske in ANL-6779 are 
indicated by A) 

Pressure, psIa 

b . Nonboi l ing T r a n s i e n t Hea t T r a n s f e r (R. P . Stein) 

L a s t R e p o r t e d ; A N L - 7 6 0 6 , pp. 105-108 (Aug 1969). 

(i) A n a l y s e s of Hea t - f lux T r a n s i e n t s . F o r a c i r c u l a r tube , 
the r e l a t i o n s h i p to accoun t for f o r c e d - c o n v e c t i o n h e a t t r a n s f e r du r ing wa l l -
h e a t - f l u x t r a n s i e n t s ( that was r e p o r t e d in A N L - 7 6 0 6 for a g e n e r a l i z e d 
a n n u l a r duct) b e c o m e s 

q D 
' s - ' B = h + ^ 

,bq S \ /S^q yq S^q 

be' 

+ R,l + 3 
a^q yq yq 

+ 3 + 1 + (1) 

w h e r e Rj , R j , R31 and p a r e d i m e n s i o n l e s s coef f i c ien t s tha t a r e func t ions of 
Reyno lds and P r a n d t l n u m b e r s (but a r e independen t of 9 and z), t = s u r f a c e 
t e m p e r a t u r e of wal l , t g = fluid bulk t e m p e r a t u r e , q = h e a t - f l u x d e n s i t y 
f r o m wal l , h = fully deve loped h e a t - t r a n s f e r coeff ic ient for c a s e of q u n i f o r m 

•Weatherford, W. D.. Jr., Tyler. J. C. and Ku, P. M.. Properties of Inorganic Energy-Conversion and Heat 
Transfer Fluids for Space Applications. WADD TR61-96 (Nov 1961). 
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and steady, z = dimensionless axial distance = /3(i/D), i = axial distance, 
D = hydraulic equivalent diameter, 0 = dimensionless time = J3(UT/D), 
11 = average fluid velocity, T i time, and k = fluid thermal conductivity. 

Values of |6 and the coefficients Rĵ  are listed in Table III,C. 1. 
The values are based on the use of von Karman's universal velocity profile 
with eddy diffusivities for heat transfer equal to those for momentum t r ans ­
fer and uniform at their maximum values in the central region of the duct. 

TABLE III.G 1 Values of Coefficients for Circular Tube 

Re Pr P -Ri R^ -R^ 

10* 

3.16 X 10* 

10=" 

3.16 X 10^ 

10* 

0.00316 
0.01 
0.0316 
1.0 

0.00316 
0.01 
0.0316 
1.0 

0.00316 
0.01 
0.0316 
1.0 

0.00316 
0.01 
0.0316 
1.0 

0.00316 
0.01 
0.0316 
1.0 

1.942 
0.727 

0.343 
0.166 

0.706 

0.319 
0.195 
0.138 

0.302 
0.178 
0.138 

0.119 

0.165 
0.124 
0.112 
0.106 

0.114 
0.101 
0.0968 

0.0949 

0.164 
0.146 
0.110 
0,0104 

0.147 
0,113 
0,0674 
0.00368 

0.117 
0.0722 
0.0334 
0.00135 

0,0764 
0,0364 
0.01*38 
0.000482 

0.0392 
0.0151 
0.00516 

0.000169 

0.149 
0.131 
0.978 
0,00900 

0 133 
0,102 
0.0602 
0 00327 

0.106 
0.0648 

0.0299 
0,00120 

0.0688 

0.0326 
0.0124 
0.000432 

0.0352 
0.0136 
0.00463 
0.000152 

0.145 
0.128 
0,949 
0.00862 

0.130 
0,0992 
0.0583 
0.00315 

0.103 
0.0628 

0.0289 
0.00116 

0.0668 
0.0316 
0.0120 
0,000417 

0.0341 
0.0131 
0 00448 
0,000147 

Coefficients that will pertain to an approximation of a pin 
bundle are being computed. The approximation considers each pin to be 
surrounded by an equivalent annular space with turbulent velocities and 
eddy diffusivities corresponding to a zero shear condition at a fictitious 
outer wall. 

A research plan has been prepared for further work. Pa r t 
of the re sea rch will be performed as a doctoral dissertation under the 
AUA-ANL fellowship program. It will include further analytical investi­
gations and experiments with sodium. The analytical investigations will 
include an attempt to obtain engineering-prediction relationships for cases 
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with flow transients . The objectives of the experiments are to verify the 
engineering relationships developed and to determine or confirm the coef­
ficients that appear in these relat ionships. For example, for a c i rcular tube 
with a linear heat flux in time and uniform in space, the only coefficient that 
appears in Eq. (1) is Rp and an experiment with such a heat flux should allow 
determination of Rj. According to Eq, (1), the same information should also 
be obtained from a steady-state experiment with an axially linear heat flux. 

Three facilities have been considered for the experiments: 
(a) the sodium-sodium heat exchanger loop (see P r o g r e s s Report for 
February 1968, ANL-7427, p. 114), (b) the LMFBR "Burnout Limitation" 
loop (see P rog re s s Report for September 1968, ANL-7500, p. 106), and 
(c) another loop used for the Flow-Coastdown Experiment (see P r o g r e s s 
Report for September 1968, ANL-7500, p. 125). The first two loops use 
sodium; the flow-coastdown equipment will use NaK. Of the three facilities, 
only the sodium-sodium heat exchanger loop has been built and operated. 
The other two will be under construction for several months. The sodium-
sodium heat exchanger test equipment seems to be the best alternative for 
these experiments, but will require modification to make it meet present 
stringent LMFBR requirements related to quality assurance and safety. 
Also, the present test section must be replaced with one in which the heat 
flux to the sodium can be measured carefully. Heaters will be installed in 
the test section; e lec t r ica l - res i s tance heaters that can be electr ical ly 
insulated from the test section wall, and electron-bombardment hea te rs , 
are being considered. 

c. Electron-Bombardment-Heater (EBH) Development 
(R. D. Carlson) 

Last Reported: ANL-7577, pp. 164-165 (April-May 1969). 

(i) Tests with Single Pin ( l / 4 - in . OD x 36 in.) 

Not previously reported. 

Because most current design studies indicate that the 
probable LMFBR fuel-pin geometry will be l /4 - in . OD by 36-in. long with 
0.040-in. spacing, the pr imary emphasis in the development of the EBH has 
been shifted to that heater geometry. 

Figure III.C.2 shows the apparatus that has been designed 
and is being constructed to test l /4- in . -OD x 36-in.-long pins in sodium at 
up to 1000°F This apparatus will allow testing such pins to heat fluxes 
greater than 5 x lO' Btu/hr-ft^ without the need of building a high-temperature 
sodium loop for that purpose. The l /4- in.-OD EB-heated pin will be su r ­
rounded with a l / l 6 - i n . annulus of stagnant sodium that is contained in a 
3/8-in.-dia, 0.005-in.-wall stainless steel tube that is brazed to a copper 
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block. The heat generated by the EB-heated pin will be conducted through 
the sodium, the stainless steel tube, and the copper to the water cooling 
jacket. The total amount of sodium required for this test is only 31 g. 
When the heat flux to the sodium is 5 x 10^ Btu/hr-ft^, the heat flux to the 
water will be less than 5 x 10^ Btu/hr-ft^. Thermocouples placed on the 
3/8-in. stainless steel tube will determine the uniformity of the heat flux. 
The whole apparatus will be placed inside the vacuum chamber now being 
used for testing electron-bombardment heaters . 

Top electrode 

Fil l line to sodium annulus 

Tungsten-filament cathode 

Tliermocouple (4) 

Sodium annulus — 

Spiral-wrapped l/4"-dia-pin anode 

Copper block 

Water cooling tubes (4") in parallel 

High-voltage insulatoi(2) 

Bottom electrode 

Fig. III.C.2. Apparatus for Testing l/4-in.-OD by 36-in.-long Election-
bombardment-heated Pins in Sodium at up to 1000°F 

(ii) P r e p a r a t i o n of 7-p in C l u s t e r ( l / 4 in . OD x 36 in.) 

Not p r e v i o u s l y r e p o r t e d . 

T e s t s e c t i o n s for c l u s t e r s of l / 4 - i n . - O D by 3 6 - i n . - l o n g 
p ins a r e being d e s i g n e d . T h e s e c l u s t e r s will have a 36 - in . - l ong h e a t e d 
l eng th to m o c k u p the c o r e fuel s ec t ion and an 18- in . - long unhea t ed l eng th 
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to m o c k u p the u p p e r b l a n k e t s e c t i o n . The t e s t s e c t i o n is s i z e d to a c c o m ­
m o d a t e 7 - and 19-pin c l u s t e r s . I n s t r u m e n t a t i o n to m e a s u r e t e m p e r a t u r e , 
p r e s s u r e , void f r a c t i o n s , and r a t e of voiding in t h e s e b u n d l e s i s be ing 
c o n s i d e r e d . 

d. Hea t T r a n s f e r in L i q u i d - M e t a l Hea t E x c h a n g e r s (R, P - Stein) 

L a s t R e p o r t e d ; A N L - 7 5 1 3 , p . 114 (Oct 1968). 

A n a l y s i s of h e a t t r a n s f e r in a coun t e r f l o w s o d i u m - t o - s o d i u n n 
doub l e -p ipe h e a t e x c h a n g e r whose i n n e r pipe is p l a c e d e c c e n t r i c a l l y h a s 
been c o m p l e t e d . The i n v e s t i g a t i o n s invo lved bo th e x p e r i m e n t s and a n a l y s i s . 
The e x p e r i m e n t s d e t e r m i n e d the effect of e c c e n t r i c p l a c e m e n t on the o v e r a l l 
h e a t - t r a n s f e r r a t e and on the t e m p e r a t u r e d i s t r i b u t i o n a long and a r o u n d the 
o u t e r pipe of the h e a t e x c h a n g e r . The a n a l y s i s e m p h a s i z e d d e t e r m i n a t i o n 
of the c i r c u m f e r e n t i a l t e m p e r a t u r e and h e a t - f l u x d i s t r i b u t i o n s a t the i n n e r -
pipe wa l l . 

The t e s t h e a t - e x c h a n g e r c h a r a c t e r i s t i c s and r a n g e of o p e r a t i n g 
cond i t ions of the e x p e r i m e n t s w e r e : 

Ac t ive h e a t - e x c h a n g e r l eng th 18 in . 
O u t e r pipe 

M a t e r i a l Type 304 s t a i n l e s s s t e e l 
OD 0,625 in. 
Wall t h i c k n e s s 0.020 in . 

Inner pipe 
M a t e r i a l 7 0 / 3 0 C u p r o - n i c k e l 
OD 0.375 in . 
Wall t h i c k n e s s 0.012 in. 

T u b e - s i d e P e c l e t n u m b e r 4 0 0 - 6 8 0 
A n n u l u s - s i d e P e c l e t n u m b e r 100-670 
A n n u l u s - t o - t u b e h e a t c a p a c i t y f l owra t e r a t i o 0 .5 -4 .0 
E c c e n t r i c i t y 0 -100% 

The effect on o v e r a l l h e a t - t r a n s f e r r a t e s of e c c e n t r i c p l a c e m e n t 
was found to be qui te s m a l l . It i s t h e r e f o r e conc luded that , for l i q u i d - m e t a l 
h e a t e x c h a n g e r s wi th o p e r a t i n g cond i t i ons c l o s e to t hose of the e x p e r i m e n t s , 
p r a c t i c a l e n g i n e e r i n g - d e s i g n c a l c u l a t i o n s can i g n o r e the effect of e c c e n t r i c i t y 
on o v e r a l l h e a t - t r a n s f e r r a t e s . H o w e v e r , the effect of e c c e n t r i c p l a c e m e n t 
on c i r c u m f e r e n t i a l - t e m p e r a t u r e and h e a t - f l u x d i s t r i b u t i o n s was found to be 
l a r g e . T h u s , e n g i n e e r i n g - d e s i g n c a l c u l a t i o n s r e l a t e d , for e x a m p l e , to 
t h e r m a l - s t r e s s c o n s i d e r a t i o n s , canno t i g n o r e the ef fec ts of e c c e n t r i c i t y . 

A r e p o r t d e s c r i b i n g the i n v e s t i g a t i o n s h a s b e e n d r a f t e d . 
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3. Engineering Mechanics 

a. Advanced Thermoelasticity (R. A. Valentin) 

Last Reported; ANL-7606, pp. 109-110 (Aug 1969). 

(i) Solution of End-effect Problems Involving Nonplane Stress 
Fields in Short Cylinders and Contact Stresses between Cladding and Fuel. 
An analysis is underway to determine the axially symmetric deformation of 
a solid c i rcular cylinder, of finite length l,^, perfectly bonded to a thin shell 
of length ig > P,(.. The interaction between the cylinder and the shell resul ts 
from the temperature field caused by uniform internal heat generation 
within the cylinder. A linear temperature variation through the shell thick­
ness is assumed. 

The exact solution for the finite cylinder is obtained with 
the aid of Youngdahl's cylinder s t r ess functions. The solution for the shell 
is approximate and is based on the classical linear elastic theory of thin 
shells . Expressions for the s t r esses and displacements in the cylinder are 
obtained in the form of infinite ser ies whose coefficients are determined 
from the boundary conditions on the plane ends of the cylinder and at the 
cylinder-shell interface. A computer program will be written to solve the 
resulting sets of infinite simultaneous, linear, algebraic equations and to 
evaluate the s t r e s s and displacement fields in the cylinder and shell. Of 
part icular in teres t is the s t ress field at the shell-cylinder interface and 
the shear distribution on this surface. 

A somewhat more elementary form of this problem is nea r -
ing completion. In this solution, it is assumed that the shear s t r ess is 
identically zero, and the interface pressure distribution is determined by 
a method often used in the study of shrink-fit problems. Comparison of 
the deformation produced in this case with that resulting from the solution 
for the perfectly bonded clad will provide information on the importance 
of shear forces in clad distortion. 

b. Structural Dynamics Studies--Structure-Fluid Dynamics 
(M. W. Wambsganss, Jr .) 

(i) Flowtest Single Cylinder 

Last Reported: ANL-7581, pp. 103-105 (June 1969). 

A ser ies of flowtests involving a single-cylindrical element 
in parallel-flow has been planned. Rod displacement and wall p ressu re 
fluctuations will be measured. The objective of the tests will be to determine 
the effect of various flow spoilers on the vibrational response of the rod; an 
attempt will be made to character ize the various flow spoilers by a p re s su re 
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m e a s u r e m e n t . T h e o r e t i c a l c o n s i d e r a t i o n s wil l be e m p l o y e d , and p r e d i c t e d 
r e s p o n s e , b a s e d on the c h a r a c t e r i z a t i o n of the p a r t i c u l a r flow s p o i l e r , wi l l 
be c o r r e l a t e d with r m s d i s p l a c e m e n t d a t a . In i t i a t ion of t h e s e t e s t s i s be ing 
d e l a y e d unt i l a su i t ab l e a c o u s t i c f i l t e r i s d e v i s e d for the s t r u c t u r a l d y n a m i c s 
t e s t loop . The f i l te r i s r e q u i r e d to obta in mean ing fu l p r e s s u r e i m e a s u r e m e n t s . 

(ii) P r e p a r a t i o n of Two S t r u c t u r a l - D y n a m i c s T e s t Loops 
(B. L . B o e r s and P . L. Z a l e s k i ) 

L a s t Repo r t ed ; A N L - 7 6 0 6 , pp. 110-111 (Aug 1969). 

C o n s t r u c t i o n ac t iv i ty on the l a r g e t e s t loop is e s s e n t i a l l y 
c o m p l e t e . All welds have been i n s p e c t e d and found s a t i s f a c t o r y ; the h y d r o ­
s t a t i c p r e s s u r e t e s t has a l s o b e e n p e r f o r m e d . When the s u p p l i e r d e l i v e r s 
the c o n t r o l va lve , the loop will be o p e r a t e d and i t s flow c h a r a c t e r i s t i c s 
m e a s u r e d . 

Work is cont inuing on the d e v e l o p m e n t of a f i l t e r to a t t e n u ­
ate s a t i s f a c t o r i l y the l o w - f r e q u e n c y a c o u s t i c d i s t u r b a n c e s p r e s e n t in the 
s m a l l t e s t loop . Such an a c o u s t i c f i l t e r p r o b a b l y a l s o can be ad ap t ed for 
u s e on the l a r g e t e s t loop. 

(iii) Effect of Ini t ia l C u r v a t u r e on Stabi l i ty of Tube in P a r a l l e l 
F l o w (S. S. Chen) 

L a s t Repor t ed ; A N L - 7 6 1 8 , pp. 110-111 (Sept 1969). 

A top ica l r e p o r t on the v i b r a t i o n and s t ab i l i t y of a tube 
conveying fluid h a s been d ra f t ed . The r e p o r t c o n s i d e r s the p r o b l e m s of 
f r ee v ib r a t i on , f o r c e d v i b r a t i o n , p a r a m e t r i c r e s p o n s e , and the ef fec ts of 
in i t i a l c u r v a t u r e and the C o r i o l i s f o r c e . 

D. C h e m i s t r y and C h e m i c a l S e p a r a t i o n s ^ 

1. F u e l Cyc le T e c h n o l o g y - - R e s e a r c h and D e v e l o p m e n t 

a. Mol ten M e t a l Dec ladd ing 

(i) E n g i n e e r i n g Des ign , A n a l y s i s , and E v a l u a t i o n (R. D. P i e r c e ) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp. 112-113 (Sept 1969). 

A l i q u i d - m e t a l - d e c l a d d i n g p r o c e s s is u n d e r i n v e s t i g a t i o n 
as a h e a d - e n d s t e p for the p r o c e s s i n g - o f i r r a d i a t e d L M F B R fuels by the 
aqueous s o l v e n t - e x t r a c t i o n m e t h o d . A concep tua l d e s i g n s tudy of a 

•Sodlum Chemistry—Research and Development is reported in Sect. I.C. 
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l iquid-metal plant capable of processing 5 tonnes/day of stainless steel-clad 
LMFBR oxide fuel (see ANL-7618) specifies that two decladding vessels be 
used alternately on a 24-hr-on, 24-hr-off cycle. As an alternative, a con­
tinuous decladding concept has been explored that provides for extended 
continuous use of a single decladding vessel . In the operation of the concep­
tual continuous decladder (which has the same basic design as the batch 
decladders), baskets containing fuel assemblies are introduced through 
five ports into baskets in the molten zinc; after decladding is complete, the 
baskets, now containing fuel, are removed. These operations are done 
on a staggered schedule to optimize the use of the cranes and cell space. 
In addition, zinc solution is continuously pumped from the decladder, and 
make-up zinc is continuously added as particulate metal (to avoid the use of 
vessels for liquid-zinc makeup). The zinc solution is pumped to a mixer -
sett ler, where it is contacted with molten salt to remove fuel fines. If 
necessary, the zinc solution is filtered to remove steel constituents before 
it is recycled to the decladder. The molten salt may also be recycled to 
the decladding vessel as the cover layer for suppression of zinc vapor and 
as a part ial t rap for iodine. 

(ii) Engineering Development (R. D. Pierce) 

Last Reported: ANL-7618, p. 114 (Sept 1969). 

(a) Decladding Rates. Complete analytical results have 
been obtained for an experiment (see P rogress Report for June 1969, 
ANL-7581, pp. 109-110) to evaluate Sb-18 at. % Cu alloy as a decladding 
solvent for Type 304 stainless steel. A 1-hr exposure at 900°C of a stainless 
steel coupon attached to an agitator revealed a dissolution rate more than 
ten t imes the rate for a Type 304 stainless, steel coupon exposed to zinc at 
800°C in the same manner. Although zinc has been tentatively selected for 
the reference flowsheet because of its low cost and compatibility with 
graphite construction material , Sb-Cu alloy appears to be an excellent 
backup decladding solvent. 

(b) Materials Evaluation. Evaluation continued of the 
corrosion res is tance of the 6-in.-dia graphite crucible coated with 30 mils 
of vapor-deposited tungsten (see P rogress Report for July 1969, ANL-7595, 
p. 114). An alloy of Zn-29 at. % Mg and a salt mixture of MgCl2-30 mol % 
NaCl-20 mol % KCl-3 mol % MgFz were added to the crucible, and s t i r red 
for 96 hr at 750°C. The salt and metal were poured out of the crucible, 
sampled, and analyzed. The salt and metal phases contained 38 and 187 ppm 
tungsten, respectively, continuing the downward trend in tungsten pickup in 
this se r i es of experiments with one crucible. The probable source of the 
tungsten is a small amount of loosely adherent coating. 
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(iii) Behavior of Volatile Fission Products (R. D. P ierce) 

Last Reported: ANL-7618, p. 115 (Sept 1969). 

(a) Laboratory Process Development. In the present pyro-
chemical decladding concept, the stainless steel cladding of LMFBR fuel 
assemblies is to be dissolved in molten zinc at 800°C. (This procedure is 
also applicable to the removal of Zircaloy cladding.) A cover salt is p ro ­
posed to suppress zinc vaporization. Fluoride cover salts are prefer red 
over chlorides to avoid any possibility that residual chloride might con­
tribute to corrosion in the aqueous dissolution step, which follows decladding. 
Of eight fluoride cover-sal t systems considered, the LiF-35 mol % NaF-
10 mol % CaFj eutectic was selected for initial experiments . This eutectic 
has an acceptably low melting point and can be easily purified. The d i s t r i ­
bution of iodine among metal, salt, and gas phases re leased during the 
decladding step will be investigated. 

2. General Chemistry and Chemical Engineer ing--Research and 
Development 

a. Thermophysical Proper t ies 

(i) Phase Diagram Study of the Ternary System U-Pu-O 
(P. E. Blackburn and A. E. Martin) 

Last Reported: ANL-7581, pp. 111-112 (June 1969). 

The study of the U-Pu-O ternary system is currently 
focused on the establishment of the hypostoichiometric boundary of the 
fluorite phase, (Puy, Ui_y)02+x. at high temperatures at several sections 
through the system. This is being done by equilibrating liquid uranium-
plutonium alloys with uranium-plutonium oxide crucibles for oxygen. As 
was reported in ANL-7581, a detailed examination of the products of one of 
the equilibrations by means of an electron-probe microanalyzer (EPM) 
disclosed some of the problems inherent in the use of this method in the 
ternary system. It seemed likely, however, that satisfactory equilibrations 
could be achieved during two-stage processes of equilibration. 

The two-stage equilibration technique (see ANL-7581) has 
now been applied successfully in six experiments at five tempera tures from 
about 1860 to about 2170°C. The oxygen analyses of the crucibles from these 
equilibrations, expressed in oxygen-to-metal ra t ios , i,e., O/M = o/(U-F Pu), 
are plotted versus tempera ture in Fig. III.D. 1. The data define the hypostoichio­
metr ic boundary of the fluorite phase at 19.8 at. % Pu, the composition of the 
mixed oxide powder from which the crucibles were formed. (As used here , 
at. % Pu is the atomic per cent of plutonium with respect to the two major 
cationic constituents, i.e., at, % Pu = [Pu/(U-l-Pu)] x 100. Thus, oxygen 
and all impurity elements are not included in the expression.) For reference 
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Fig. III.D.1. Hypostoichiometric Boundary of the 
Fluorite Phase in the U-Pu-O Sys­
tem at High Temperatures at 
0 and 19.8 at. % Pu 

p u r p o s e s , the da ta f r o m the U-UO2 
s y s t e m , * which can be c o n s i d e r e d to 
be at a s e c t i o n t h r o u g h the t e r n a r y 
s y s t e m w h e r e the a t . % P u is z e r o , a r e 
inc luded in F i g . I I I .D . l . T h u s , it is 
a p p a r e n t tha t the h y p o s t o i c h i o m e t r i c 
b o u n d a r y at 19.8 at . % P u is m o r e 
h y p o s t o i c h i o m e t r i c than the bounda ry 
at 0 at . % P u by 0.17 to 0.20 O / M uni t s 
in the t e m p e r a t u r e r a n g e of t h i s s tudy . 

Before the above e x p e r i m e n t s 
w e r e c a r r i e d out, it was n e c e s s a r y to 
e s t a b l i s h the d i r e c t i o n of the t ie l ines 
in the t w o - p h a s e field unde r s tudy at 
the t e m p e r a t u r e s of the p lanned expe r i ­
m e n t s . Th i s was a c c o m p l i s h e d by the 
E P M e x a m i n a t i o n of a l loys and oxide 
g rowths f o r m e d be tween the a l loys and 
oxide c r u c i b l e s in r e l a t i v e l y s h o r t -
t e r m t e s t s at t e m p e r a t u r e s of i n t e r e s t . 

The t i e - l i n e d i r e c t i o n s w e r e found to be e s s e n t i a l l y independent of t e m p e r a t u r e . 
F o r e x a m p l e , the a l loy c o m p o s i t i o n s for p r o p e r equ i l i b r a t i on wi th c r u c i b l e s 
with 19.8 a t . % P u r a n g e d f rom 10.5 at . % P u a t 1860°Cto 10.9 at . % P u a t 2 1 7 0 ° C . 

b . Liquid M e t a l - S a l t Technology 

(i) Liquid M e t a l - S a l t C o n t a c t o r s ( R . D . P i e r c e ) 

L a s t Repor t ed : ANL-7606 , p . 117 (Aug 1969). 

O p e r a t i n g c h a r a c t e r i s t i c s of a s i n g l e - s t a g e m i x e r - s e t t l e r 
for the con tac t ing of mo l t en m e t a l with liquid sa l t at high t e m p e r a t u r e have 
been d e t e r m i n e d , and a run has been p e r f o r m e d in which c e r i u m was t r a n s ­
f e r r e d f r o m M g - C u a l loy to a ha l ide sa l t to m e a s u r e the s t age eff iciency of 
the m i x e r - s e t t l e r . The pump output was d e t e r m i n e d as a function of pump 
speed and the r e l a t i v e l eve l s of m e t a l and sa l t in the m i x e r . 

The e x p e r i m e n t a l p r o c e d u r e for d e t e r m i n i n g s t age eff ic iency 
of the m i x e r - s e t t l e r c o n s i s t e d of equ i l i b r a t i ng MgCl2-30 m o l % NaCl -
20 m o l % K C l - 2 m o l % MgF2 wi th Mg-33 a t . % Cu a l loy conta in ing c e r i u m 
and '* 'Ce t r a c e r . In the in i t i a l run, the t e m p e r a t u r e was 675°C, the speed 
of the 3 - i n . - d i a padd le was 785 r p m , the sa l t flow was 25 c m ' / s e c , the 
m e t a l flow was 17 c m ' / s e c , the s a l t - t o - m e t a l r a t i o was 1.5, and the 
r e s i d e n c e t i m e in the mix ing c h a m b e r was 20.5 s e c . The effluent m e t a l 
f r o m the s e t t l i n g c h a m b e r was s a m p l e d and ana lyzed . P r e l i m i n a r y r e s u l t s 

*Edwards, R. K., and Martin, A. E., Thermodynamics. Vol. 2, Proc. Symp. Vienna, 1965, IAEA, Vienna (1966). 
n 42.3. 
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show tha t 99.2% of the c e r i u m in the m e t a l feed was e x t r a c t e d into the s a l t 
in the mix ing c h a m b e r ; t h e r e f o r e , t he s t a g e e f f ic iency was at l e a s t 99 .2%. 
R a t e s of e x t r a c t i o n into sa l t for c e r i u m and p l u t o n i u m have b e e n o b s e r v e d 
to be s i m i l a r * in w o r k wi th s a l t - m e t a l s y s t e m s s i m i l a r to the s y s t e m u s e d 
in th i s i n v e s t i g a t i o n . T h e s e r e s u l t s i n d i c a t e tha t a s e v e n - s t a g e m i x e r -
s e t t l e r p r o p o s e d in the r e f e r e n c e s a l t - t r a n s p o r t p r o c e s s ( s ee P r o g r e s s 
R e p o r t for Oc tobe r 1968, A N L - 7 5 1 3 , pp . 122-123) for the p u r i f i c a t i o n of 
p l u t o n i u m would be t e c h n i c a l l y f ea s ib l e and would give a d e c o n t a m i n a t i o n 
f ac to r of 10^ 
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IV. NUCLEAR SAFETY RESEARCH AND DEVELOPMENT 

A. LMFBR Safety--Research and Development 

1. Coolant Dynamics 

a. Sodium Expulsion (R. M. Singer and R. E. Holtz) 

(i) Transient Convective Flow and Heat Transfer 

Last Reported; ANL-7581, pp. 121-122 (June 1969). 

(a) Prepara t ion of Apparatus. The test section for the 
transient flow loop was completed after considerable difficulty with the 
20-mil thermocouples. The thermocouples became very brittle after the 
high-temperature braze to their adapters; even slight bending could cause 
shorting of the circuit. One of the thermocouples attached to the wall was 
lost and several others were replaced by 40-mil thermocouples. The r e ­
sponse time for the 40-mil couples is slightly greater , but still reasonable 
for this experiment. 

After being welded into place on the test section, the 
thermocouples were cycled thermally and then calibrated against each other 
in an oil bath to 350°F. All thermocouples were within 1.5°F of the mean. 
Then the test section was washed in ethyl ether to remove the mineral oil. 
The test section is being given a final leakcheck before being installed in 
the loop. 

(ii) Static Expulsion Tests 

Last Reported: ANL-7606, pp. 124-126 (Aug 1969). 

A new test section has been installed and data are being 
collected. This test section has nine wall and three liquid thermocouples 
as opposed to the three wall and three liquid thermocouples in the ear l ier 
system. An improved p re s su re tap and standoff is also incorporated to 
prevent thermally shocking the p ressu re t ransducer. 

(a) Collection and Analysis of Data from Initial System. 
A prel iminary examination of the raw data on vapor growth rates (expul­
sion velocity) and initial and collapse p ressu re pulses does not reveal any 
unexpected resu l t s . These data a re being analyzed in more detail. 
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(iii) Forced-convection Expulsion Tests 

Last Reported: ANL-7606, p. 126 (Aug 1969). 

(a) Preparat ion of Transient Test Loop. Assembly of the 
loop is continuing. All the piping, except for the test section, is in place 
and has been helium-leakchecked. P rec i se measurements of the test sec ­
tion are underway (distances between p re s su re taps, internal diameter , 
etc.). The filament t ransformers for the electron-beam heater a re being 
installed, as are general loop-control and -monitoring devices. 

b. Liquid-Vapor Dynamics (H. K. Fauske and M. A. Grolmes) 

Last Reported: ANL-7548, pp. 117-119 (Jan 1969). 

(i) P r e s s u r e Drop in Sodium Liquid-Vapor Flows. Sodium 
two-phase critical-flow and void-fraction data reported previously* have 
shown two-phase crit ical flowrates in good agreement with the model 
proposed** and the liquid volume-fraction measurements agree with the 
well-known Lockhart-Martinell i correlation. In view of these resul t s , 
detailed axial p ressu re profiles obtained in the same experiments have 
been analyzed. Thus we suggest a method for predicting sodium two-phase 
p ressu re gradients that: (a) is reasonably accurate, (b) is consistent with 
critical-flow cr i ter ia , and (c) is based on well-known correlat ions employed 
in nonmetallic t^vo-phase p ressu re -d rop calculations. 

For steady two-phase compressible flow in a horizontal 
constant-area duct, the overall momentum and continuity equations can be 
combined to yield the expression for the axial p r e s su re gradient: 

dP _ -Tw(S/A) 
dz 1 - G'(-dv2p/dP) ' '^ ' 

where T.^^(S/A) is the wall shear force per unit area, P is p r e s su re , z is 
distance, T.^ is v^all shear, S is channel per imeter , A is flo^v area, G is 
mass flowrate. The t e rm v^p is given by 

x^ , (1-x)^ , , . 
^zP = — ^ g + T T ^ ^ ^ ' (2) 

w h e r e x is the qual i ty , a i s the void f r ac t i on , and Vg and vo a r e the s p e ­
cific v o l u m e s of the v a p o r and the l iquid, r e s p e c t i v e l y . T h e void f r a c t i o n a 
can be eva lua t ed f r o m the L o c k h a r t - M a r t i n e l l i c o r r e l a t i o n a t e q u i l i b r i u m 

Reactor Development Program Progress Reports for October 1968, ANL-7513. p. 131, and for January 1969, 
ANL-7S48, pp. 117-118. 

** Fauske, H. K., Two-phase Critical Flow with Application to Liquid Metal Systems, ANL-6779 (Oct 1963). 
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qua l i ty x. F o r the s o d i u m da ta r e p o r t e d h e r e , the u s e of e q u i l i b r i u m q u a l ­
ity is j u s t i f i ed on the b a s i s of s i m u l t a n e o u s m e a s u r e m e n t s of a x i a l p r e s s u r e 
and t e m p e r a t u r e . 

In eva lua t ing the wal l s h e a r f o r c e , an a p p r o a c h used with 
s u c c e s s in n o n m e t a l l i c flows i s s u g g e s t e d . The r a t i o of the t w o - p h a s e wal l 
s h e a r fo rce to that of l iquid a lone is t aken as (1 - x )^ / ( l - a)^, so that 

2cfV£G 

A 

( 1 - x ) ' 
( 1 - a ) (3) 

w h e r e the f r i c t ion f ac to r C£ is 0 . 079 /Re ' ' * , D is the d i a m e t e r , G is the 
m a s s f l owra t e , and Re is the Reyno lds n u m b e r . 

g iven by 
It is c o n s i s t e n t with Eq . (1) that the c r i t i c a l f lowra te i s 

G , = [ - l / ( d v 2 p / d P ) ] ' / ^ (4) 

2 3 
Distance from Exit, in. 

Fig. IV.A.l. Calculated (Curves) and Measured (Data 
Points) Pressure Profiles for Sodium Liquid-
Vapor Flows for Stagnation Temperatures of 
1400 and 1500°F 

eva lua t ed at the duct exit , again , 
with the u s e of e q u i l i b r i u m q u a l ­
ity and L o c k h a r t - M a r t i n e l l i void 
f r ac t ion . 

Axia l p r e s s u r e p ro f i l e s 
computed a c c o r d i n g to the above 
method , i . e . , b a s e d on given 
exit p r e s s u r e and s tagna t ion en -

' t h a l p y , a r e c o m p a r e d with s o d i u m 
t w o - p h a s e p r e s s u r e m e a s u r e ­
m e n t s in F ig . I V . A . l . Choked 
flows occu r at the end of the 
t e s t sec t ion , and thus the 
p r e s s u r e - d r o p da ta shown a r e 
for flow r e g i m e s in which both 
m o m e n t u m and f r i c t iona l l o s s e s 
a r e i m p o r t a n t . Good a g r e e m e n t 
i s i l l u s t r a t e d be tween p r e d i c t e d 
and m e a s u r e d p r e s s u r e p r o f i l e s . 

2. F u e l Mel tdown S tud ies with T R E A T 

a. T r a n s i e n t I n - p i l e T e s t s with C e r a m i c F u e l s (C. E . D i c k e r m a n ) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp. 128-130 (Sept 1969). 

(i) C h e c k o u t - 2 M a r k - I I Loop E x p e r i m e n t . The second M a r k - I I 
l o o p - c h e c k o u t me l tdown e x p e r i m e n t on an oxide fuel pin (see ANL-7618) 
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r e s u l t e d in v i g o r o u s coolan t e x p u l s i o n s and s h a r p p r e s s u r e p u l s e s . F i g ­
u r e IV. A.2 shows the i n s t r u m e n t da t a f r o m the t r a n s i e n t . Shown a r e output 
f r o m t e s t - s e c t i o n in le t and out le t f l o w m e t e r s , in le t and ou t le t p r e s s u r e 
t r a n s d u c e r s , and t h e r m o c o u p l e s a t in le t , ou t le t , and c e n t e r . T h e l a r g e , 
r e l a t i v e l y smoo th s igna l for the out le t ( v a r i a b l e r e l u c t a n c e ) p r e s s u r e 
t r a n s d u c e r i s the r a d i a t i o n r e s p o n s e of the i n s t r u m e n t . S u p e r i m p o s e d on 
th i s s igna l a r e t h r e e p r o m i n e n t s p i k e s . * The m a x i m u m p u l s e r e c o r d e d by 
e i t he r t r a n s d u c e r w a s only about 35 a t m . C o n v e r s i o n of t h e r m a l e n e r g y to 
k ine t i c a t the t i m e of f a i lu re can be e s t i m a t e d f r o m the f l o w m e t e r d a t a . 
T h e c i r c u l a t i n g s o d i u m coolan t above the s a m p l e ( -250 g) w a s a c c e l e r a t e d 
by about 12 m / s e c at the i n d i c a t e d t i m e of f a i l u r e . T h i s y i e ld s a k i n e t i c 
e n e r g y of about 18 J . Inc luding the ene rgy expended in downward e x p u l s i o n 
a t tha t t i m e , the to ta l k ine t i c e n e r g y t r a n s f e r r e d to the s o d i u m at the t i m e 
of f a i l u r e is - 2 5 J . T o t a l e n e r g y added to the p in (above the r e f e r e n c e 
l e v e l of 400°C) at the t i m e of f a i l u r e w a s about 1.88 x 10^ j / g . T h u s , the 
e n e r g y c o n v e r s i o n was l e s s than 2 x 10"^%. N e u t r o n r a d i o g r a p h s t a k e n of 
the loop af ter the t r a n s i e n t did not r e v e a l any d e t e c t a b l e f r a g m e n t s of fuel, 
i nd ica t ing that e x t r e m e d i s p e r s a l o c c u r r e d . 

The c a l c u l a t i o n s for the t e m p e r a t u r e p ro f i l e and the c l a d ­
ding d e f o r m a t i o n up to the t i m e of the fuel pin r u p t u r e have b e e n p e r f o r m e d 
by the Safety A n a l y s i s Sec t ion us ing the fas t r e a c t o r a c c i d e n t s tudy code 
SASIA. In t h e s e c a l c u l a t i o n s , an equ iva len t s i n g l e - p i n co n f i g u ra t i o n wi th 
an in le t coo lan t flow of 4 m / s e c i s u s e d . D e t a i l s of the m e t h o d of a n a l y s i s 
have b e e n d e s c r i b e d e a r l i e r ( see P r o g r e s s R e p o r t for J u n e 1969. A N L - 7 5 8 1 , 
p . 117) excep t that the m o s t r e c e n t UO2 en tha lpy da t a** a r e u s e d . Al though 
the r a d i a l power d i s t r i b u t i o n in the pin is t a k e n to be c o n s t a n t a c r o s s the 
pin, the o b s e r v e d v a r i a t i o n in the f i s s i o n - e n e r g y d e p o s i t i o n a long the length 
of the fuel p in i s exp l ic i t ly inc luded . The h e a t - t r a n s f e r s u b r o u t i n e of t he 
code p r e d i c t s the onse t of fuel m e l t i n g at about the p e a k of the t r a n s i e n t . 
At the t i m e of the pin f a i l u r e , p r e s e n t c a l c u l a t i o n s i n d i c a t e m o r e than 88% 
of fuel to be in the m o l t e n s t a t e wi th a p e a k fuel t e m p e r a t u r e of 3900°C. At 
th i s t i m e , the a v e r a g e c ladding and coo lan t t e m p e r a t u r e s at the m i d p o i n t of 
the top p e l l e t a r e c a l c u l a t e d to be about 1000 and 660°C, r e s p e c t i v e l y . In 
o t h e r w o r d s , the i n c r e a s e in exi t coolan t t e m p e r a t u r e is c a l c u l a t e d to be 
260°C. T h i s i n c r e a s e i s s ign i f ican t ly l a r g e r than the e x p e r i m e n t a l v a l u e , 
and the d e t a i l e d m o d e l of the c a l c u l a t i o n is be ing r e v i e w e d to t r a c e the p o s ­
s ib le s o u r c e s of th i s d i s c r e p a n c y , and i t s s i g n i f i c a n c e . 

The p e r f o r m a n c e of the c ladd ing is c a l c u l a t e d by the fuel-
d e f o r m a t i o n s u b r o u t i n e of the code . P r e s e n t c a l c u l a t i o n s , in a g r e e m e n t 
wi th the r e s u l t s ob ta ined for s o m e o the r T R E A T t r a n s i e n t e x p e r i m e n t s ( s ee 
P r o g r e s s R e p o r t for Augus t 1969. A N L - 7 6 0 6 , p . 123), i n d i c a t e tha t the 

•Figure IV.A.2 shows the radiation response of the outlet transducer in the correct polarity. The checkout-1 
data graph. Fig. IV.A.7, p. 129, ANL-7618, has the outlet transducer response negative. 

**See ANL-7618, pp. 132-133 (Sept 1969), and also Hein, R. A., and Flagella, P. N., Enthalpy Measurements 
of UO2 and Tungsten to 3260°K, GEMP-578 (1968). 
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Fig. IV.A.2. Instrument Data from Checkout-2 Mark-II Loop Experiment 
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cladding begins to be plastically deformed even before any fuel melting is 
predicted by the heat- t ransfer module. A large plastic s t ra in of the stain­
less steel cladding is calculated after maximum reactor power, due to the 
large change in fuel volume occurring with UO2 melting. The maximum 
cladding strain at the time of pin rupture (1880 j /g -UOj) is calculated to be 
5.3%. This value of the cladding strain is very close to the threshold s t ra in 
calculated for the autoclave experiment S-3. 

(ii) Irradiation of Steel-clad Mixed-oxide Pins in EBR-II 

Last Reported: ANL-7595, p. 118 (July 1969). 

(a) Status. Subassembly XO40 was the first EBR-II sub­
assembly to contain unencapsulated experimental mixed-oxide fuel pins. 
The subassembly consisted of 19 ANL pins along with 16 pins from General 
Elect r ic . These 19 pins were specified for exposure to 5 at. % burnup, to 
provide a stock of domestic mixed-oxide pins i r radiated in unencapsulated 
environment for use in fast reactor safety transient meltdown experiments 
in the TREAT reactor . Subassembly XO40 was removed from EBR-II at 
the 3 at. % burnup level for an interim examination (see P r o g r e s s Report 
for July 1969, ANL-7595, p. 118) in order for the EBR-II project staff to 
ascer ta in the condition of the fuel in this first unencapsulated oxide-pin 
subassembly, to verify that the condition of the pins was in accord with 
expectations based on ear l ier encapsulated EBR-II oxide-pin i r radia t ions , 
and to confirm that the irradiation could proceed from the standpoint of 
EBR-II safety and availability. The inter im examination has been com­
pleted. No conditions were found that would bar continued i r radiat ion of 
the subassembly to 5 at. % burnup. One of the 19 pins (012) appeared to 
have a minor surface defect. At the request of the EBR-II Experiment 
Manager, this pin was set aside for detailed destructive examination as a 
"lead" pin from Subassembly XO40. The reconstituted subassembly, with 
pin 012 replaced by a dummy pin, has been reloaded into EBR-II as Subas­
sembly XO40-A. Because of the relatively advanced status of this i r r ad i ­
ation, it will be reviewed in detail in this report . Only a small part of the 
following has been reported previously. 

(b) Irradiation Samples. All 19 pins were made to the 
same design, so that the resul ts from the eventual TREAT testing would 
reflect to the maximum extent possible only the variat ions in test condi­
tions. The pin design was based on a conservative application of data avail­
able when the design was fixed. In addition, the design was to be s imi lar to 
those of other EBR-II i r radiat ions then underway, and the design was to be 
consistent with TREAT experimental apparatus. 

Each sample is made in three pa r t s . The central part 
is the fueled section, which consists of a section of cladding tubing, 17.250 in. 
long, containing the fuel stack, one natural UO2 insulator pellet, and one 
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TABLE IV.A.1, Specifications tor Pin Design 

tantalum disk at each end of the stack, and top and bottom end plugs. Steel 
top and bottom blanket-extension sections were made separately and welded 

to the top and bottom end plugs of the central 
piece. A spiral spacer wire was wound 
around each completed test pin at the EBR-II 
site prior to assembly into XO40. Before 
assembly into a TREAT loop, the steel top 
and bottom blanket sections are cut off 
remotely. 

The basic design specifications 
are shown in Table IV.A.l. 

(c) Irradiation. Subassembly XO40 
was irradiated in EBR-II position 5B2 for 
Runs 30 through 35, except for Run 30D. 
The total number of fissions for the center-

line at XO40, at the midplane, was reported to be 112 x 10'° fissions per 
grann of oxide. This corresponds to a flux integral of 2.4 x 10^^ nvt total, 
of which approximately 2.0 x 10^̂  nvt represents neutrons of 0.8 MeV and 
above. The maximum fluence values (for pins 025 and 031, nearest the 
core center) a re somewhat higher: 2.6 x 10^^ and 2.2 x 10^^. Maximum 
fission power, for pins 025 and 031, is at the midplane and is 190 W/g of 
oxide. Fission power at the midplane ranges do'wn to about 177 W/g for 
001. Table IV.A.2 lists the pins, giving the oxide contents and the nominal 
maximum pin power ratings, obtained using a nominal value of 191 W/g for 

Fuel 

Composition 

Oxygen-to-metal ratio 

Uranium enrichment 

Plutonium enrichment 

Form 

Pellet density 

Pellet diameter 

Length of luel stack 

Cladding 

Material 

Diameter 

Wall 

"Jo.sPiJo.z'o? 
1.97-2.00 

93% 235ij 

91% (2J''pu + 241pu, 

Pellets 

82-86% ol theoretical 

0.245-0.247 in. 

11 in. 

Type 304L stainless steel 

0.290-in. OD 

0.020 in. 

TABLE IV.A.2. Pin Loadings and Relative Smeared Density of ANL Pins in X040 

Pin Mixed-oxide 

No. Length (in.) 

Mixed-oxide 
Weight Ig) 

Mixed-oxide 

W/L (g/fti 

Maximum 
Povlera 
(kW/ftI 

Atom Ratio of 
Smear Density Oxygen to 
(% theoretical! Metal 

001 
002 
003 
004 
006 
007 
Oil 
012 
014 
016 
018 
021 
022 
023 
024 

025 
026 
029 
031 

10,65 
11,08 
11,07 
10,79 
10,81 

10,88 
10,88 
10,89 
10,93 
10,94 

10,91 
10.87 
10.90 
10.96 
11.00 

1088 
10,81 
10,81 
11,06 

74,41 
78,66 
79,54 
78 45 
79.57 

74.04 
75,45 
76.25 
7872 
76,05 

78.03 
77.56 
78.01 
79.64 
79.87 

80.02 
80,12 
76,98 
7923 

8,5 
8,6 

16,0 
16,2 
16,4 
16,6 
16,8 

157 
158 
160 
164 
16,2 

16,4 
16,4 
16 4 
16,6 
166 

16 S 
171) 
16,2 
16,4 

78,5 
79,5 
80,5 

76,5 
78,0 
78,5 
81,0 
78,0 

80 3 
80,2 
80 3 
817 
81,3 

82,6 
82,5 
795 

4Power rating at midplane. figured using a nominal value including gamma heating ol 191 W/g of OKide. 

iTop pellet, 2.005. 
<:Pellels 1-6, 8, bdlom are 2,005, 

^Pellets 1-7 are 2,005, 
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each of the 19 p i n s . * M a x i m u m power r a t i n g s can be c o n v e r t e d to a v e r a g e 
by d iv id ing by the m a x i m u m - t o - a v e r a g e r a t i o of 1.12. T h e s e v a l u e s of flu­
e n c e and f i s s ion r a t e s have a p o s s i b l e u n c e r t a i n t y of 10 to 20%. 

I r r a d i a t i o n t e m p e r a t u r e s w e r e c a l c u l a t e d for a l l 
19 p in s , u s ing a me thod d e s c r i b e d p r e v i o u s l y . * * M a x i m u m o u t e r c l add ing 
s u r f a c e t e m p e r a t u r e s c a l c u l a t e d for the p ins r a n g e d b e t w e e n 956 and 988°F . 
M a x i m u m inne r c ladding s u r f a c e t e m p e r a t u r e s w e r e c a l c u l a t e d to fall in 
the r a n g e 1026-1068°F. 

(d) 3 at . % B u r n u p I n t e r i m E x a m i n a t i o n . The n o n d e s t r u c ­
t ive i n t e r i m e x a m i n a t i o n a t 3 at . % b u r n u p c o n s i s t e d of the fol lowing; 

1. v i s u a l i n s p e c t i o n and op t i ca l p h o t o g r a p h y ; 

2. n e u t r o n r a d i o g r a p h y ; 

3. d i a m e t e r m e a s u r e m e n t s ; 

4. we igh ing ; 

5. t e m p e r a t u r e m e a s u r e m e n t s of four s e l e c t e d 
e l e m e n t s . 

After r e m o v a l f r o m the r e a c t o r , the s u b a s s e m b l y w a s 
c l eaned of s o d i u m and d i s a s s e m b l e d following s t a n d a r d F u e l C y c l e F a c i l i t y 
( F C F ) p r o c e d u r e s . Sod ium r e m a i n i n g on the s u b a s s e m b l y s u r f a c e s w a s 
r e m o v e d by wet a r g o n gas , followed by a d e m i n e r a l i z e d w a t e r f lush . 

The p ins w e r e given a g e n e r a l v i s u a l i n s p e c t i o n t h r o u g h 
a FCF a i r cel l window, then v iewed and p h o t o g r a p h e d c l o s e up u s i n g the 
FCF p e r i s c o p e . Condi t ion of the 19 p ins a p p e a r e d to be good, wi th the p o s ­
s ib le excep t ion of pin 012. Some a r e a s w e r e c o v e r e d wi th what a p p e a r e d to 
be a thin s u r f a c e f i lm of s o d i u m oxide, and t h e r e w e r e s o m e s m a l l s u r f a c e 
f i lm spo t s , but no m a c r o s c o p i c d e p o s i t s . The s p i r a l s p a c e r w i r e s w e r e 
s t i l l a p p a r e n t l y taut and in good con tac t "with the pin . The l a r g e s t s p a c e r -
c ladding gap noted w a s e s t i m a t e d c o n s e r v a t i v e l y to be l e s s than 0.005 in . 

N e u t r o n r a d i o g r a p h y showed no i n t e r n a l d e f e c t s . The 
pe l l e t s t r u c t u r e v i s i b l e by X - r a y e x a m i n a t i o n b e f o r e i r r a d i a t i o n w a s no 
longer p r o m i n e n t , and e v i d e n c e of c e n t r a l vo ids could be s e e n in a l l p i n s . 
S m a l l but def ini te m i g r a t i o n of f i s s i o n a b l e m a t e r i a l in to the n a t u r a l UOj, 
end p e l l e t s was o b s e r v e d . 

*Pins 025 and 031 have an estimated gamma heating rate in the oxide of 7 W/g additional for a total 
197 W/g at the midplane. Gamma heating in the oxide of pin 001 is estimated at 6 W/g, for a total of 
183 W/g. In view of experimental uncertainties, a single nominal power rating for all of the 19 pins was 
adopted for Table IV.A.2. 

**Cushman, R. A., and McGinnis, F. D., EBR-II Reactor Heat Transfer: Experience with an Operating LMFBR, 
presented at the Tenth National Heat Transfer Conference, August 11-14, 1968, Philadelphia, Pa. 
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A nominal increase of cladding diameter :=i0.3% was 
measured. There were no anomalies in pin weights or pin tempera tures . 

b. Experiinental Support (C. E. Dickerman) 

Last Reported: ANL-7618, p. 131 (Sept 1969). 

(i) Shipping Cask. The second package of vendor documenta­
tion for the TREAT Mark-II loop shipping cask was received. This cask 
will be required for TREAT experiments because there is no cask available 
that meets the AEC Department of Transportation regulations and that will 
hold the Mark-II loop (or sin:iilar TREAT irradiation apparatus). The 
second package consists of the vendor (i.e., shop) version of the ANL design 
drawings, and includes minor revisions. The entire vendor package is now 
under review to ensure that the cask will satisfy the detailed technical and 
safety requirements . Following the revie'w and final agreement on any dis­
crepancies, the design and analysis data package will be forwarded to the 
AEC for approval. 

c. TREAT Operations (J. F. Boland) 

(i) Reactor Operations. Pret ransient neutron radiographs were 
obtained of ORNL Experiments TR-1 and TR-2, and a calibration transient 
•was run on Experiment TR-1 . These experiments contain fuel elements 
consisting of pelleted and sphere-pac PuOj-UOj fuel clad in stainless steel. 
The fuel elements are in sodium-filled capsules. Data from the calibration 
transient agreed reasonably well with calculations, and the reactor is being 
loaded for the test transients on these experiments. 

A partially bonded EBR-II fuel element was subjected to a 
flattop transient in a Mark-I packaged sodium loop. Posttransient neutron 
radiographs did not show any indications of cladding failure. 

Neutron radiographs were made of 18 groups of EBR-II 
experimental capsules, one capsule from INC, two Mark-I sodium loops for 
EBR-II fuel experiments in TREAT, and TREAT experimental capsule S-4. 

A new type of Statham pressure transducer was subjected 
to a t ransient i rradiat ion to determine its sensitivity to radiation. The 
data showed this t ransducer was unsuitable for use on TREAT experimen­
tal capsules. 

(ii) Development of Automatic Power Level Control System. 
Delivery of the hydraulic control- rod-dr ive system has been further delayed 
because the subcontractor again delivered unacceptable cylinders for the 
hydraulic actuators . An order for the cylinders is being placed with a ven­
dor who has recently made similar cylinders that met our contractor ' s 
specifications. 
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3. Materials Behavior and Energy Transfer (M. G. Chasanov) 

a. Theoretical Extrapolation of Measured Physical -proper ty Data 
to Higher Temperatures 

Not previously reported. 

Kno'wledge of the p ressure within an operating fuel pin is of 
importance to the reactor safety program. At normal operating tempera­
tures , p ressure from the buildup of gaseous fission products in the void, 
crack, and plenum regions of the fuel pin significantly contributes to the 
s t resses placed on the cladding mater ia l . Under accident conditions, the 
combined vapor p ressure of fission products and fuel may serve as a bal­
last force causing molten fuel to be extruded through a rupture in the clad­
ding if such a rupture should occur. The vapor p re s su re is thus one of the 
factors that needs to be considered in determining the extent of fuel-coolant 
interaction. 

The thermodynamic data needed for the calculation of par t ia l 
vapor p ressu res of the fission products and of the fuel at the very high 
temperatures that may be reached during a reactor accident cannot be 
directly obtained by experimental means. Consequently, it is necessary 
either to find some basis on which to extrapolate existing experimental 
data taken at low temperatures to higher tempera tures or to perform 
statist ical-mechanical calculations of the thermodynamic proper t ies based 
upon observed spectroscopic pa ramete r s . 

Efforts have initially been placed on the development of a basic 
computer program suitable for calculating vapor p r e s su re s of fuel and fis­
sion products at normal operating temperatures ; this same program will 
later be applicable to calculations of vapor p r e s su re s at very high tempera­
tures when appropriate thermodynamic data are available. 

For a fixed temperature , fuel density, relative void volume, 
percent burnup, and preburnup oxygen-to-uranium (O/u) ratio of the fuel, 
a set of simultaneous equations must be solved. These consist of (1) non­
linear equilibrium relations between the vapor species, oxygen, and the 
stable condensed phase of each fission product element and of the fuel, 
(2) mass constraints imposed by initial quantities and preburnup O/U ratio 
of the oxide fuel and by fast-neutron fission-product yields, and (3) an 
equation relating oxygen p ressu re to the o /U ratio of the fuel. The assump­
tions made are (1) that all vapor species are released to the void volume 
which is at constant and uniform temperature and (2) that the condensed fuel 
and fission-product phases are immiscible and have unit activity coefficients. 
Although there are as many unknown quantities as equations, it is found that 
the concentrations of all species depend simply on the O/U rat io of the 
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condensed fuel. By estimating the final (after-burnup) fuel composition, 
the concentrations of all species and a revised value of the final O/U ratio 
a re obtained. Successive iterations are performed until the estimated and 
revised values of the after-burnup O/U ratio agree to within any required 
accuracy. Par t i a l vapor p r e s su re s of fission products and fuel a re then 
calculated from this final value. 

Future work in this area will include updating and extension to 
higher tempera tures of the necessary thermodynamic data, accounting for 
the possibility of compound formation between several fission-product ele­
ments, and attempts to improve upon the simplifying assumptions enumer­
ated above. 

4. 1000 MW(e) Safety Analysis Studies 

a. Contract Management, Technical Review, and Evaluation 
( L . W. Fromm) 

Not reported previously. 

(i) Babcock & Wilcox Co. Subcontract. A contract has been 
established with Babcock & Wilcox for a 1000-MWe LMFBR Accident Anal­
ysis and Safety System (A^S )̂ Design Study, as part of the LMFBR Plant 
Safety Studies program. B&W has been working on the program definition 
phase and on Phase I, the survey of malfunctions and safety problems. 

(a) P rogram Definition Phase. B&W prepared a detailed 
work plan on all phases of the ^vork; it delineates the analytical tools, 
methods, and technical approach to be taken on all activities. The work 
plan was submitted to the Laboratory, which approved commencement of 
the Phase- I and -II work. 

(b) Phase I: Malfunction and Safety Problem Survey. The 
malfunction survey was completed for those safety problems that have the 
potential for furnishing the design bases for core protective systems and 
engineered safety features. The cataloging of the potential malfunctions 
and faults is about 75% complete. In addition to the potential malfunctions 
and faults, the catalog will also include possible protective actions, moni­
tored var iables , and engineered safety features. Survey resul ts also will 
be displayed graphically in a fault-tree diagram, which is ~90% complete. 

Technical meetings were held between ANL and B&W 
on September 4 and 5, 1969 to exchange ideas on LMFBR safety-related 
activities and to explore the availability of analytical methods or models 
that could be applied to this study. B&W described computer codes such 
as FARED, TART, MARS, FIRE, and BANCO, as well as their applications. 
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ANL described the SASIA, SASIB, and VENUS codes, and presented infor­
mation on some of the safety models being investigated at ANL. B&W is 
preparing a technical note that summarizes the methods and computer codes 
to be used in the A S study and outlines the reasons for selecting these 
methods. 

(c) Phase II: Accident Analysis and Selection of Safety 
Features . Prel iminary l i terature survey and evaluation work has begun 
on Phase II. This work is mainly in the areas of accident-initiating condi­
tions, accident analyses, and candidate safety features. 

5. Violent Boiling (R. O. Ivins) 

a. Violent Boiling with Molten Fuel and Sodium (D. R. Armstrong) 

(i) Fragmentation and Mixing Experiments (D. Cho) 

Last Reported: ANL-7581, pp. 125-127 (June 1969). 

The process of breakup and dispersion of molten fuel in 
coolant depends on: (l) boiling character is t ics at molten fuel-coolant inter­
faces, (2) initial dynamic conditions of contact, which might be determined 
by fuel-failure modes, and (3) arrangement, such as configuration of fuel 
pins and coolant channel. The boiling character is t ics might be altered, de­
pending on initial dynamic conditions of contact and geometrical a r range­

ment. The present fragmentation 
studies are directed toward 
understanding the effects of 
violent boiling and initial dy­
namic conditions in a simple 
geometrical arrangement . 

The effects of violent 
boiling can be seen in te rms of 
molten-metal temperatures and 
the degree of coolant subcooling. 
Figure IV.A.3 shows the results 
obtained when a small amount 
of molten tin (<1 g) was dropped 
into water at room temperature . 
The results clearly indicate 
that the most extensive breakup 

Fig.IV.A.3. Fragmentationof MoltenTinQuenchedinWater occurs at metal temperatures 
near 400°C. A ser ies of exper­

iments has been performed to examine the effects of different degrees 
of water subcooling; the results are being analyzed. 

500 

B 

Is
, 

Ira
n 

E 

IJ 300 

5 

S 200 

? 
100 

• / 

/ / 

1 

• \ 

1 

\ Dmp heiflii 

\ ^ ^ 3 0 5 cm 

\ • \ 
\ \ • 

1 1 1 

• 

• 

1 
400 500 GOO 700 

Temperatute of Molten Tm, "C 



141 

b. S i m u l a t i o n s of F u e l D i s p e r s a l ( j . J . B a r g h u s e n ) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp. 133-134 (Sept 1969). 

(i) I n - p i l e E x p e r i m e n t s on M a t e r i a l I n t e r a c t i o n s du r ing 
N u c l e a r T r a n s i e n t s 

(a-) I n - p i l e E x p e r i m e n t s with UO; in P i s t o n Autoc lave . A 
four th m e l t d o w n e x p e r i m e n t (S-4) w a s p e r f o r m e d in the s o d i u m - f i l l e d p i s ­
ton a u t o c l a v e a t the T R E A T r e a c t o r faci l i ty to m e a s u r e p r e s s u r e s g e n e r a t e d 
and nnomen tum t r a n s f e r du r ing a n u c l e a r t r a n s i e n t of e n e r g y sufficient to 
r u p t u r e s t a i n l e s s s t e e l - c l a d UO; fuel s p e c i m e n s . The e x p e r i m e n t involved 
a r e a c t o r t r a n s i e n t of 1050 MW-sec , r e s u l t i n g in a f i s s i o n - e n e r g y r e l e a s e 
in the t e s t fuel of 720 c a l / g UO;. The va lue of peak r e a c t o r power w a s 
6650 MW, and the r e a c t o r p e r i o d was 34 m s e c . 

The fuel loading and conf igura t ion for th is e x p e r i m e n t 
w e r e i d e n t i c a l to t h o s e u s e d for E x p e r i m e n t S-3 ( see P r o g r e s s R e p o r t for 
F e b r u a r y 1969, A N L - 7 5 5 3 , pp. 113-116) . The t e s t fuel loading c o n s i s t e d of 
an a r r a y of five r o d s conta in ing 10%-enr iched UO; p e l l e t s and four d u m m y 
r o d s f i l led wi th h e l i u m . E a c h fuel rod conta ined about 41 g UO;, so t h e r e 
w e r e 205 g in the e n t i r e a r r a y . The sod ium (197 g) was hea t ed to ~200°C 
b e f o r e the t r a n s i e n t . 
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A d d i t i o n a l d a t a o n t h e n a t u r e of 

t h e p r e s s u r e p u l s e s a n d t h e p i s ­

t o n r e s p o n s e h a v e b e e n o b t a i n e d . 

T h e p r e s s u r e - r e s p o n s e r e c o r d 

( s e e F i g . I V . A . 4 ) s h o w s f i v e 

l a r g e , d i s c r e t e p r e s s u r e p u l s e s , 

a n d s e v e r a l m i n o r p u l s e s of 

a m p l i t u d e s l e s s t h a n 5 5 0 p s i . 

T h e f i r s t t w o p u l s e s ( l i a n d I ;) 

o c c u r r e d a b o u t 3 0 m s e c a f t e r 

p e a k p o w e r . T h e i n t e g r a t e d 

r e a c t o r p o w e r a t t h e i n s t a n t of 

t h e f i r s t p u l s e w a s a b o u t 

7 0 5 M W - s e c , e q u i v a l e n t t o a 

f i s s i o n - e n e r g y r e l e a s e i n t h e 

t e s t f u e l of a b o u t 4 8 0 c a l / g U O ; . 

T h e s e p u l s e s w e r e f o l l o w e d by 

a l a r g e p u l s e c o m p o s e d of t w o p e a k s l e s s t h a n 0 . 3 m s e c a p a r t . T h e f i r s t 

p e a k of t h e d o u b l e p u l s e o c c u r r e d 3 4 . 4 m s e c a f t e r p e a k p o w e r a n d h a d a n 

a m p l i t u d e of 1 0 6 0 p s i ; t h e s e c o n d p e a k h a d a n a m p l i t u d e of 1 8 0 0 p s i . A l t h o u g h 

i t i s n o t c e r t a i n t h a t t h i s d o u b l e p u l s e r e p r e s e n t s s e p a r a t e p r e s s u r i z a t i o n 
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Linear Motion and Pressure Response for 
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events, both peaks will be considered as individual impulses (I3 and I4). 
Impulse I5, 1280 psi, occurred 42 msec after peak power. The final pulse 
(l^) was significantly delayed, occurring 2.4 sec after peak power. This 
pulse is probably the result of flashing of superheated liquid sodium. At 
the instant of the pulse, the temperature of the sodium decreased from 
-1700 to ~1000°C. Flashing of sodium at 1700°C would generate a p r e s su re 
of -900 psi. 

The low-amplitude oscillations shown in Fig. IV.A.4 
have a period of -2 msec . Although several possible physical situations 
have been considered to explain this phenomenon, such as displacement of 
the transducer diaphragm or the presence of a small gas bubble in the tube 
connecting the transducer to the sodium cavity, it is not possible to a t t r i ­
bute with certainty the observed behavior to any part icular physical situation. 

The output of the l inear-motion transducer is r ep ro ­
duced in Fig. IV.A.4. As in the case of Experiment S-3, acceleration of the 
piston occurred simultaneously with the generation of the p re s su re pulses. 
The maximum piston velocity was 807 cm/sec , which occurred coinciden-
tally to the 1800-psi p ressure pulse (Impulse I4). The apparent slowing 
down (deceleration) of the piston from 807 to 400 cm/sec (Interval E) might 
have been due to sodium bypassing the piston through machined slots in the 
piston cylinder during the final 2 cm of travel and forcing the sodium into 
the shock absorber. 

The work performed on the piston (21-36 x 10 ergs) 
can be explained readily in te rms of the release of h igh-pressure helium 
bond gas from the fuel rods. The isothermal work available from the ex­
pansion of 0.8 cm^ (STP) of helium in one fuel rod at 1000 psi and 3500°K 
to 25 psi is 38 x 10 e rgs . 

The results of Experiments S-3 and S-4 are compared 
in Table IV.A.3. The most significant conclusion from these resul ts is that 
all observations from S-4 can be qualitatively predicted based on the resul ts 
from Experiment S-3. 

TABLE IV.A.3. Comparison of Results from 
Meltdown Experiments S-3 and S-4 

Reactor energy, MW-sec 
Fission energy in test fuel, cal/g UOj 
Reactor period, msec 
Peak power. MW 
Amplitude of largest pressure pulse, psi 
Impulse from pressure pulse, dyne-sec 
Average pulse duration, msec • 
Maximum piston velocity, cm/sec 
Maximum piston innpulse, dyne-sec 
Fission energy at first pressure pulse, cal/g U02 
Maximum work done by piston, ergs 
Maximum event temperature, °C 
Conversion nuclear to mechanical energy. % 

669 
460 
53 

2 664 
540 

8.5 X 10* 
2.3 
472 

7.7 X lO" 
444 

17.1 X 10' 
1100 

0.7 X 10"' 

1050 
720 
34 

6650 
1800 

18.4 X 10* 
0.9 
807 

9.5 X 10* 
480 

35.8 X 10' 
>3000 
1.4 X 10-
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c. M a t h e m a t i c a l Mode l s of F u e l - C o o l a n t D y n a m i c s 
(D, R. A r m s t r o n g ) 

L a s t R e p o r t e d : A N L - 7 5 9 5 , pp. 122-127 (July 1969). 

(i) F u e l - S o d i u m I n t e r a c t i o n and Hea t T r a n s f e r Lead ing to 
P r e s s u r e G e n e r a t i o n 

(a) P a r a m e t r i c Model of P r e s s u r e s due to D i s p e r s a l of 
Mo l t en F u e l (D. Cho) 

A r e l i a b l e m o d e l for p r e s s u r e g e n e r a t i o n r e s u l t i n g 
f r o m m o l t e n fuel coo lan t i n t e r a c t i o n s m u s t take into c o n s i d e r a t i o n the 
p r o c e s s e s of f u e l - c o o l a n t i n t e r d i s p e r s i o n , hea t t r a n s f e r , and coo lan t ex­
p a n s i o n . A m a j o r q u e s t i o n h e r e c o n c e r n s the i n t e r a c t i o n be tween two c o m ­
pe t ing p r o c e s s e s , i . e . , the hea t ing of coolan t (which p r o d u c e s p r e s s u r e s ) 
and the e x p a n s i o n of coo lan t (which r e d u c e s p r e s s u r e s ) . The q u e s t i o n h a s 
b e e n e x a m i n e d p r e v i o u s l y by employ ing a p a r a m e t r i c m o d e l * w h e r e o v e r a l l 
h e a t - t r a n s f e r r a t e s e n t e r as a p a r a m e t e r . 

A m o r e d e t a i l e d a n a l y s i s than the p a r a m e t r i c m o d e l 
can be m a d e by so lv ing s i m u l t a n e o u s l y the p e r t i n e n t equa t ions of s t a t e , 
m o t i o n , and e n e r g y . It a p p e a r s conven ien t to c o n s i d e r s e p a r a t e l y two 
c a s e s : one in which m o l t e n fuel i s d i s p e r s e d in coolant , and the o the r in 
which coo l an t i s d i s p e r s e d in m o l t e n fuel. The l a t t e r c a s e wi l l be e x a m i n e d 
f i r s t . P r e l i m i n a r y s t u d i e s a r e being m a d e for the expans ion of a cold b u b ­
ble or d r o p sudden ly f o r m e d in a hot l iqu id . 

*.see Progress Reports ANL-7561. pp. 100-103 (March 1969); ANL-7577. pp. 192-195 (April-May 1969); 
ANL-7595. pp. 122-127 (July 1969). 
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The R e a c t i o n of a Mol ten Sod ium Spray wi th A i r in an E n c l o s e d V o l u m e . 
P a r t I. E x p e r i m e n t a l I nves t i ga t i on 
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Nuc l . Eng . Des ign l_0(l), 72-78 (May 1969) 

On the Role of I n e r t Gas in Inc ip ient Boi l ing Liquid M e t a l E x p e r i m e n t s 
R. M. S inger and R. E. Holtz 

I n t e r n . J . Hea t M a s s T r a n s f e r j_2(9), 1045-1060 (Sept 1969) 

The E q u i v a l e n c e of Dynamic L o a d s for the F i n a l P l a s t i c D e f o r m a t i o n 
of a Tube 

C. K. Youngdahl 
P r o c . F i r s t Int. Conf. on P r e s s u r e V e s s e l Techno logy , Delft, 
T h e N e t h e r l a n d s , Sept . 29 -Oc t . 2, 1969. ASME, New York, 1969, 
pp . 89-100 
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